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Abstract 
Single-molecule spectroscopy is a powerful tool for quantifying the conformational 
heterogeneity and structural dynamics of both folded and intrinsically disordered 
proteins (IDPs). IDPs lack ordered structure under native conditions and are typically 
characterized by low hydrophobicity and high net charge. A high fraction of 
eukaryotic proteins either contain disordered regions or are completely unstructured. 
IDPs are often part of dynamic intracellular networks of interacting proteins in 
signaling and regulatory processes. Due to their flexibility, IDPs adopt expanded 
conformations which are expected to be more sensitive to effects of the intracellular 
environment, such as macromolecular crowding, than folded proteins. Crowding is a 
steric exclusion effect of macromolecules on other molecules and can affect 
dimensions, conformational stabilities and folding kinetics of proteins. We have thus 
studied the effect of co-solutes on the dimensions and dynamics of IDPs in vitro and 
in living mammalian cells using single-molecule Förster resonance energy transfer 
(FRET) spectroscopy. 
First, in vitro experiments were performed to study the effect of artificial crowders 
such as polyethylene glycol (PEG) on different IDPs. We observed a compaction of 
all IDPs not only with increasing PEG concentration, but also with increasing size of 
the crowders. This finding deviated even qualitatively from the predictions of scaled 
particle theory (SPT), the standard theory used to describe macromolecular 
crowding. However, we were able to rationalize the observed behavior quantitatively 
if we accounted for the polymeric nature of both the IDPs and the crowder in the 
theoretical description. 
Next, we studied IDPs in living cells with single-molecule FRET spectroscopy. The 
application of single-molecule FRET spectroscopy in living mammalian cells had 
remained challenging due to several shortcomings, such as the design and 
reproducible delivery of labeled molecules, the range of applicable analysis methods, 
and suboptimal cell culture conditions. We addressed these limitations by combining 
confocal single-molecule FRET spectroscopy with microinjection and by choosing 
fluorescent dyes which are shifted towards larger emission wavelengths. With this 
integrated approach, we demonstrate the feasibility of probing IDP dimensions and 
dynamics down to the nanosecond regime in live eukaryotic cells. We illustrated the 
versatility of the approach by determining the dimensions and chain reconfiguration 
dynamics of the intrinsically disordered protein prothymosin ɑ (ProTɑ); by analyzing 
the temperature dependence of the structural stability of frataxin; and by quantifying 
the folding dynamics of the small protein GB1. We found that the influence of the 
intracellular environment on the observed proteins was negligible. ProTɑ remained 
unstructured, and its dimensions were unaffected by the cell. Only the translational 
diffusion and the chain reconfiguration dynamics of the IDP were slowed down 
because of the increased intracellular viscosity. Also, the structural stability of frataxin 
and the folding kinetics of GB1 were not altered compared to in vitro experiments at 
physiological salt concentrations. 
As a last step, we used in-cell single-molecule FRET spectroscopy methods to study 
intracellular crowding in further detail. Since the previously observed effects on IDP 
dimensions were surprisingly small, we increased crowding in HeLa cells by 
subjecting them to an osmotic shock to reduce the cell volume and thus increase the 
intracellular concentration of molecules. Indeed, ProTɑ was more compact in such 
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crowded cells than in cells at physiological conditions but its reconfiguration 
dynamics were unchanged. This effect was mimicked with PEG crowders and 
allowed us to estimate the equivalent macromolecular concentrations in the cytosol 
of HeLa cells under physiological conditions to be approximately 5 % (w/v), 
significantly lower than commonly assumed. 
Single-molecule FRET spectroscopy thus allowed us to study structural and dynamic 
properties of IDPs and other proteins in living cells and under crowding conditions in 
vitro with high sensitivity and reproducibility. Even though IDPs were shown to be 
very sensitive to crowding in vitro, we found that the effect of the intracellular 
environment on the dimensions and dynamics of IDPs was small in HeLa cells, 
probably because these cells are less crowded than commonly assumed. With this 
newly established in-cell method, a broad range of questions can be addressed to 
analyze protein conformation, dynamics, and functionality in live eukaryotic cells. 
III 
Zusammenfassung 
Einzelmolekülspektroskopie ist eine leistungsfähige Methode, um die strukturelle 
Heterogenität und Dynamik von gefalteten und intrinsisch unstrukturierten Proteinen 
(„intrinsically disordered proteins“, IDPs) zu quantifizieren. IDPs besitzen unter 
nativen Bedingungen keine geordnete Struktur und sind typischerweise durch eine 
geringe Hydrophobizität und eine hohe Nettoladung charakterisiert. Ein grosser Teil 
der eukaryotischen Proteine enthält entweder grosse unstrukturierte Bereiche oder 
ist komplett unstrukturiert. IDPs sind oftmals Teil eines dynamischen intrazellulären 
Netzwerkes verschiedener interagierender Proteine, besonders in der 
Signalübertragung oder bei zellregulatorischen Prozessen. Aufgrund ihrer Flexibilität 
besitzen IDPs oft eine sehr expandierte Struktur, wodurch sie auf Einflüsse der 
intrazellulären Umgebung, wie z.B. makromolekulares Crowding, empfindlicher 
reagieren als gefaltete Proteine. Crowding ist ein sterischer Ausschlusseffekt, 
welcher durch Makromoleküle ausgeübt wird und die Dimensionen, die 
konformationelle Stabilität sowie die Faltungskinetik von Proteinen beeinflussen 
kann. Wir haben deshalb den Einfluss verschiedener Makromoleküle auf die 
Dimensionen und Dynamik von IDPs unter in vitro-Bedingungen und in lebenden 
Säugerzellen mittels Einzelmolekül-Förster-Resonanz-Energietransfer (FRET)-
Spektroskopie untersucht. 
Zuerst wurden in vitro-Experimente durchgeführt, um den Einfluss von künstlichen 
Crowdern, z.B. Polyethylenglykol (PEG), auf verschiedene IDPs zu untersuchen. Wir 
beobachteten eine Kompaktierung aller IDPs mit steigenden PEG-Konzentrationen 
und mit steigender Crowderlänge. Dieser Befund weicht von Vorhersagen der scaled 
particle-Theorie (SPT) ab, welche die Standardtheorie zur Beschreibung von 
makromolekularem Crowding ist. Wir waren jedoch in der Lage, das beobachtete 
Verhalten zu beschreiben, indem wir die polymeren Eigenschaften der IDPs und der 
Crowder in die theoretische Beschreibung miteinbezogen. 
In einem weiteren Schritt untersuchten wir IDPs in lebenden Säugerzellen mittels 
Einzelmolekül-FRET-Spektroskopie. Dies stellt sehr hohe experimentelle 
Anforderungen, z.B. an das Probendesign und die Art und Weise, wie die 
fluoreszenzmarkierten Moleküle in die Zelle eingebracht werden, welche 
Analysemethoden in der Zelle angewandt werden können, sowie an die 
Zellkulturbedingungen. Wir lösten diese Probleme, indem wir konfokale 
Einzelmolekül-FRET-Spektroskopie zusammen mit Mikroinjektion benutzten, und 
indem wir fluoreszierende Farbstoffe mit längeren Emissionswellenlängen 
verwendeten. Mit diesem integrierten Vorgehen konnten wir zeigen, dass die 
Dimensionen von IDPs sowie deren Dynamik bis ins Nanosekunden-Regime in 
lebenden eukaryotischen Zellen untersucht werden können. Die Vielseitigkeit dieses 
Ansatzes wurde gezeigt, indem wir die Dimensionen und Rekonfigurationsdynamik 
des intrinsisch unstrukturierten Proteins Prothymosin ɑ (ProTɑ) gemessen haben, 
indem wir die Temperaturabhängigkeit der Konformationsstabilität von Frataxin 
untersuchten, und indem wir die Faltungsdynamiken des kleinen Proteins GB1 
quantifizierten. Anhand dieser Experimente wurde deutlich, dass der Einfluss des 
intrazellulären Milieus auf die untersuchten Proteine vernachlässigbar war. ProTɑ 
blieb unstrukturiert, und seine Dimensionen wurden in der Zelle nicht verändert. 
Einzig die Translationsdiffusion und die Rekonfigurationsdynamik des IDPs wurden 
aufgrund der erhöhten intrazellulären Viskosität geringfügig verlangsamt. Auch die 
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strukturelle Stabilität von Frataxin und die Faltungskinetik von GB1 verhielten sich 
nicht anders als in in vitro-Experimenten unter physiologischen Salzkonzentrationen. 
In einem letzten Schritt verwendeten wir Einzelmolekül-FRET-Spektroskopie, um die 
Relevanz von intrazellulärem Crowding weiter zu untersuchen. Da der bis dahin 
beobachtete Einfluss der Zelle auf die Dimensionen von IDPs erstaunlich klein war, 
erhöhten wir das Crowding in der Zelle mittels osmotischem Schock. Der osmotische 
Schock reduziert das Zellvolumen, worauf die intrazelluläre Konzentration an 
Molekülen ansteigt. ProTɑ war in den so behandelten Zellen tatsächlich kompakter 
als in Zellen unter physiologischen Bedingungen, jedoch zeigte die 
Rekonfigurationsdynamik keine Änderung. Mit PEG als Crowder konnten wir 
ähnliche Bedingungen wie in der Zelle in vitro erzeugen, woraus wir schlussfolgern 
konnten, dass die äquivalente makromolekulare Konzentration im Zytosol von HeLa-
Zellen unter physiologischen Bedingungen bei etwa 5 % (w/v) liegt, deutlich niedriger 
als üblicherweise angenommen. 
Einzelmolekül-FRET-Spektroskopie erlaubte uns somit, mit hoher Sensitivität und 
Reproduzierbarkeit die strukturellen und dynamischen Eigenschaften von IDPs und 
anderen Proteinen in lebenden Zellen und unter Crowding-Bedingungen zu 
untersuchen. Obwohl IDPs in vitro sehr empfindlich gegenüber Crowding waren, 
beobachteten wir, dass der Einfluss des intrazellulären Milieus von HeLa-Zellen auf 
die Dimensionen und Dynamik von IDPs und anderen Proteinen überraschend klein 
war. Der Grund dafür ist offenbar, dass die Konzentration an Makromolekülen in 
diesen Zellen geringer ist, als gemeinhin angenommen wird. Mit der hier neu 
entwickelten Methode können zukünftig viele verschiedene Fragen in Bezug auf die 
Konformation, Dynamik und Funktion von Proteinen in lebenden eukaryotischen 
Zellen untersucht werden. 
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1 Introduction 
1.1. Macromolecular crowding in vitro and in vivo 
1.1.1. What is macromolecular crowding? 
Proteins, nucleic acids, polysaccharides or other macromolecules interact with other 
molecules in an attractive or repulsive manner. Attractive interactions, such as 
charge or hydrophobic interactions, can drive protein folding, lead to the formation of 
protein complexes or enables enzymatic reactions in biological systems. On the other 
hand, repulsive interactions are, per definition, inhibiting the interaction of 
macromolecules, but can still influence their dynamic or conformational behavior. 
Steric exclusion is one example for non-specific repulsive interactions, where volume 
gets occupied by macromolecules or other obstacles. 
Macromolecular crowding is defined as a steric exclusion effect exerted by 
macromolecules in solution. The term crowding for steric exclusion effects was 
introduced by Minton and Wilf in 1981 (1), when they observed that the addition of 
high concentrations of an unrelated globular protein to a solution containing 
glyceraldehyde-3-phosphate dehydrogenase (GAPD) led to a preferred formation of 
tetrameric GAPD due to space-filling properties of the added species. The occupied 
volume, which depends on the concentration, the size and the shape of the crowder, 
is not available for other macromolecules and can thus influence them in many ways. 
Crowding can affect processes such as the free diffusion of macromolecules, 
association kinetics or the compactness of proteins (2) (Fig. 1). 
Fig. 1: Scheme of different effects of macromolecular crowding. (a) Macromolecular crowders (blue) 
occupy space and thus affect other macromolecules (red) in their diffusional behavior; (b) association 
kinetics; (c) or the compactness of proteins or other polymers. 
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1.1.2. Effects of crowding on proteins 
It is generally thought that steric exclusion increases the stability of proteins because 
crowding favors more compact, folded states over extended unfolded states (3), and 
therefore also enhance association reactions (Fig. 1). Early experiments showed 
that, e.g., DNA ligation was stimulated (4) or that the solubility of deoxygenated sickle 
hemoglobin was reduced (5) in the presence of high concentrations of unrelated 
molecules. More theoretical and experimental studies have been conducted in the 
following decades on the influence of the high volume-occupancy of crowded 
solutions on proteins. A few studies indeed found that high concentrations of Ficoll, a 
branched polysaccharide, can slightly stabilize proteins. The presence of this 
crowder increased the melting temperature of RNase A and lysozyme (6), or of 
folded yeast phosphoglycerate kinase (PGK) (7) by a few Kelvin. A similarly small 
effect on the melting temperature was found when protein L was crowded with 
dextran, a linear polysaccharide (8). Those findings were in agreement with 
simulations, were only a modest stabilization of the binding of two protein subunits 
was found (9).  
Along these lines, the influence of crowding on protein association rates was studied. 
Simulations of the binding of two subunits in the E. coli polymerase III holoenzyme 
showed a modest stabilization of the complex upon addition of dextran of Ficoll (9). 
Other experimental studies showed that crowding accelerates the self-association of 
human apolipoprotein C-II (10) and β-synuclein (11). The formation of amyloid-like 
fibrils by these proteins is relevant for several human diseases, such as Parkinson’s 
or Alzheimer’s disease. 
Steric exclusion can induce structural changes in proteins. Crowding increased the 
enzymatic activity of phosphoglycerate kinase (PGK) by rearranging the subunits of 
the protein (7). Crowding can also lead to a compaction of proteins. The partially 
unfolded CORE domain of E. coli adenylate kinase was found to be more compact in 
the presence of high concentrations of dextran (12). A similar compacting effect of 
polyethylene glycol (PEG) was found on the unfolded states of ribonuclease A (13). 
Increasing concentrations of crowders increase the viscosity of a medium and thus 
influence dynamic processes of proteins. It was shown that the increased viscosity, 
induced by glycerol, changed the rotational and translational diffusion of β-lactamase 
inhibitor protein, following a Stokes-Einstein dependence for diffusion as a function of 
viscosity (14). This relation did not hold anymore when a larger crowder (PEG 8000) 
was used. Also the association of β-lactamase and β-lactamase inhibitor protein in a 
PEG 8000 solution depended weakly on the viscosity of the solution, pointing out that 
the size ratio between proteins and crowders is relevant for protein diffusion and thus 
association reactions (15, 16). 
Crowding experiments are usually carried out using artificial crowders such as 
dextrans (linear polysaccharide), Ficoll (branched polysaccharide) or PEG (linear 
polymer). A difficulty in analyzing crowding experiments is to exclude attractive 
interactions between the crowder and the protein. It was observed, e.g., that PEG 
interacted with hydrophobic residues of cytochrome c (17). Exposing the protein to 
the monomer of the artificial crowder is thus an important control for possible 
interactions. These competing attractive interactions can become even more 
dominant if proteins are chosen as crowders. BSA or lysozyme, e.g., were found to 
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destabilize the protein chymotrypsin inhibitor 2 (CI2) (18) due to electrostatic or 
hydrophobic interactions. 
1.1.3. Effect of the intracellular environment on proteins 
Compared to the chemically defined conditions in a test tube, the inside of a cell is a 
complex ensemble of organelles, macromolecules, small metabolites and ions. 
Differential interference contrast (DIC) images of HeLa cells (Fig. 2a) show 
substructures within the cell, but identifying anything but large objects such as the 
nucleus is difficult. Using specific fluorescent probes, the staining of organelles or 
filaments provides a better insight into how a cell is organized (Fig. 2b). The 
complexity of the cytosol on the macromolecular level is illustrated in Fig. 2c, where 
the cytosol of an E. coli cell was simulated assuming a defined number of proteins 
and nucleic acids (19, 20). It is obvious that the cytosol or nucleus of cells is a highly 
crowded environment. 
Fig. 2: Illustration of the complex organization of cells. (a) A DIC image of HeLa cells showing the 
coarse organization of organelles within a cell. (b) Using fluorescent probes, organelles are stained 
specifically, showing mitochondria (green), actin filaments (red) or the nucleus (cyan) of HeLa cells. (c) 
Illustrates of a simulated cytosol consisting of different proteins and nucleic acids (19). 
Estimating protein or nucleic acid concentrations within cells is difficult. The 
macromolecular concentrations in E. coli were estimated to be 300 – 400 mg/ml (21). 
Estimates of cytosolic macromolecular concentrations in eukaryotic cells range from 
50 – 200 mg/ml (22, 23). Assuming macromolecular concentrations within this range, 
they should influence the behavior of proteins and other macromolecules due to 
crowding, if the proteins and other macromolecules are evenly distributed within the 
cell. However, local concentrations of proteins may vary from one compartment to 
another or in proximity to membranes (24). 
Besides macromolecules, abundant molecules in cells are charged metabolites and 
ions. According to the database BioNumbers (25), the most abundant ions in 
eukaryotic cells are K+ (100 mM), Na+ (10 mM), Ca2+ (10 – 100 nM), Mg2+ (0.5 – 10 
mM) and Cl- (5 – 100 mM). These concentrations change depending on the tissue 
and whether the corresponding ion is free in solution or bound to protein complexes. 
The concentrations of metals such as Fe, Zn, Cu or Mn are in the low mM to μM 
range. The most abundant metabolites in human cells are HCO3- (~10 mM), 2,3-
diphosphoglyceric acid and glutathione (both ~ 5 mM), ATP and glutamic acid (both 
~1-2 mM). Together with other metabolites such as glycerol, trimethyl-amine-N-oxide 
(TMAO) or different sugar compounds, the total concentration of metabolites in 
human cells add up to 100 – 300 mM. The presence of those co-solutes will also 
influence the properties of proteins in a cell. High concentrations of charged 
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metabolites and ions change the intracellular ionic strength and affect the pH of the 
environment, resulting in changed conformations or stabilities of proteins (26-28). 
Other metabolites such as TMAO or sugars are known to have stabilizing effects on 
proteins (29). 
The influence of steric exclusion is difficult to disentangle from nonspecific attractive 
interactions between crowders and the studied protein. One study found a 
predominant steric exclusion effect of the intracellular environment of HEK 293 cells 
on a hinge-protein. This crowding sensor was more compact in cells after a 
hypertonic shock, compared to cells under physiological conditions, which was 
attributed to increased crowding (30). It was also observed that the cytosol of E. coli 
was able to stabilize the small protein GB1 (31). Contrary to those findings, evidence 
was found that nonspecific charge interactions between the studied proteins and 
intracellular co-solutes dominate over steric exclusion effects in other cases (32). 
Reconstituted E. coli cytosol had a destabilizing effect on CI2 (33), and the 
extracellular protein VIsE was destabilized in U2OS cells (34). The influence of 
intracellular proteins and metabolites on the stability of proteins, mainly due to charge 
interactions with the surface of proteins, has been termed ‘quinary interactions’ (35, 
36). Quinary interactions tune the stability of proteins by interactions of the 
intracellular environment with the surface of the protein. In this framework, surface 
exposed residues are, together with hydrophobic core residues, responsible for 
protein stability, depending on their environment. In summary, the inside of a cell is a 
complex mixture of possible interaction partners, which can either have a stabilizing 
or destabilizing effect on proteins, and dissecting these contributions remains an 
important challenge. 
Chapter 1 
5 
1.2. Intrinsically disordered proteins (IDPs) 
1.2.1. Structural and dynamical aspects of IDPs 
The classical view of protein folding is that the primary structure, the amino acid 
sequence, determines the secondary and tertiary structure of proteins, and that the 
function of a protein is determined by its structure (37). However, a lot of proteins 
have now been found to have very specific functions although they either contain 
unstructured regions or completely lack any secondary or tertiary structure (38-40) 
(Fig. 3). Proteins with this property are called intrinsically disordered proteins (IDPs). 
Fig. 3: Scheme of differently ordered and compacted proteins, ranging from completely unfolded and 
very loosely packed proteins (e.g. prothymosin ɑ) at the left, to proteins with a higher structural 
content, but still very dynamic conformational ensemble (a molten globule such as NCBD) in the 
middle, to compact and well-ordered proteins at the right (e.g. elF4E), where only the N-terminus is 
unstructured. 
A characteristic property of disordered proteins is the low content of bulky 
hydrophobic and aromatic amino acids. These amino acids are required to form the 
stable hydrophobic core of folded proteins. On the other hand, polar amino acids and 
structure breaking amino acids are found in higher numbers (41). The content of 
charged amino acids and their distribution within the primary structure can have a 
major impact on the degree of disorder and dimensions of IDPs (27, 42). One 
example of an completely disordered IDP is ProTɑ, a small nuclear protein (43). It 
consists of 110 amino acids (12 kDa), of which 54 amino acid residues are negatively 
charged. The repulsive effect of the high spatial density of negative charges leads to 
a completely disordered structure (44) (Fig. 3). Only in the presence of kosmotropes 
such as trifluoroethanol (TFE) at acidic conditions, ProTɑ was found to adopt an ɑ-
helical structure. 
The characteristics of IDPs can be displayed by plotting the absolute mean net 
charge of an IDP against its mean hydropathy (Fig. 4a) (45). Disordered proteins are 
mostly found to the left of the black diagonal line, whereas folded proteins are 
typically characterized by a lower net charge and higher mean hydropathy. Another 
way of representing characteristics of an IDP is by considering the fraction of 
negatively and positively charged residues and their distribution within the sequence 
(42) (Fig. 4b). The plot allows IDPs to be grouped according to their polyampholytic
or –electrolytic properties. Weak polyampholytes and –electrolytes tend to have a
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compact and globular structure (regions 1 & 2), whereas strong polyampholytes and 
–electrolytes are more coil like and expanded (regions 3 - 5).
Fig. 4: Examples of how the disordered character of proteins can be displayed. (a) A plot showing the 
absolute mean net charge of the IDPs ProTɑ (dark blue), λN (green), NCBD (yellow) and ɑ-Syn 
(orange) against their mean hydropathy (green) in comparison to other disordered (red) and ordered 
(blue) proteins. The black line describes an approximate boundary between ordered and disordered 
proteins (plot was generated at pondr.com) (45). (b) A diagram showing the same IDPs as in (a), but 
the fraction of negatively charged residues of the IDPs is plotted against the fraction of positively 
charged residues. The diagram is divided into different regions, according to the polyampholytic or 
polyelectrolytic properties of the IDPS (42). 
Four different IDPs used in this thesis are shown in these plots: Prothymosin ɑ 
(ProTɑ), an IDP with a high content of negative charges that is completely disordered 
(27, 44); λN, an IDP with a positive net charge and some transient and fluctuating 
secondary structure (46); the nuclear coactivator binding domain of CBP (NCBD), a 
molten globule with high ɑ-helical content (47); and ɑ-synuclein (ɑ-Syn), an 
aggregation-prone IDP that is, in its monomeric state, completely disordered, but 
folds into an ɑ-helical structure after binding to membranes (48). The Uversky plot 
(Fig. 4a) takes the absolute content of charged and hydrophobic residues as a 
measure for disorder. Three out of four IDPs (ProTɑ, λN, NCBD) are on the 
disordered side of the approximate boundary between ordered and disordered 
proteins, whereas ɑ-Syn falls into the region dominated by ordered proteins. This 
behavior illustrates that a clear distinction between disordered and structured 
proteins based on charge and hydropathy alone cannot be made. The Das-Pappu 
plot (Fig. 4b) focuses on the effect of charge content and its distribution within the 
sequence on the dimensions of IDPs (42). Strong polyelectrolytes such as ProTɑ are 
characterized as a swollen coil, which represents its expanded dimensions well. ɑ-
Syn and λN are characterized as expanded chains, according to their disordered 
character. NCBD falls into the state of globules, in agreement with its compact 
molten globule-like conformations with pronounced ɑ-helical structure (47). 
Describing the structural properties of IDPs is difficult due to their dynamic nature 
and large degree of conformational heterogeneity. A reasonable way of representing 
IDPs is to show an ensemble of possible conformations, which can, e.g., be 
generated based on simulations combined with structural constraints from NMR or 
SAXS measurements. These illustrations highlight how IDPs can adopt even very 
expanded structures and sample their conformational space extensively (Fig. 5). 
Owing to their disordered nature, IDPs can also be assumed to have similar 
properties as unfolded proteins. This connection is of particular interest because 
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unfolded states are difficult to investigate without destabilizing proteins with 
denaturants or by amino acid exchanges. 
Fig. 5: Representation of structural ensembles of IDPs. (a) The structure of Alzheimer’s related IDP 
Tau (htau40), calculated from paramagnetic relaxation enhancement (PRE) data, where the colored 
structure is a snapshot of the ensemble, 20 more structures are shown in grey (49). (b) A 
representative model of full-length p53 (structured part in grey), bound to DNA (magenta), derived 
from NMR and SAXS data. 20 copies of the disordered N-terminal transactivation domain TAD of each 
of the four monomers are shown in color (50). 
Many IDPs undergo folding transitions upon binding to other proteins or after 
posttranslational modifications. An example of coupled binding and folding is the 
interaction between NCBD and activator for thyroid hormone and retinoid receptor 
(ACTR). ACTR is completely disordered, but folds into an ɑ-helical structure upon 
binding to NCBD (51). However, NCBD, a molten globule with high secondary 
structure content in its free state, can also bind to interferon regulatory factor 3 (IRF-
3), which forms a different structure in the bound state as in complex with ACTR (47) 
(Fig. 6). 
Many other coupled binding and folding processes depend on posttranslational 
modifications of the corresponding IDPs. The transcriptional coactivator CBP binds to 
pKID via its KIX domain. The phosphorylation of disordered KID is necessary to 
increase the binding affinity to the complex. Upon binding of CBP to KIX, pKID folds 
to form two ɑ-helices (52). Phosphorylation can be sufficient to induce folding of 
disordered proteins, as in the case of 4E-BP2, which is involved in transcription 
regulation. The phosphorylation of two different residues induces the formation of a 
four-stranded β-domain. However, not all IDPs undergo folding transitions upon 
interaction with other proteins. They can remain disordered after binding to their 
target, forming dynamic and unstructured ‘fuzzy’ complexes (53). 
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Fig. 6: NCBD in complex with ACTR or IRF-3. (a) The structure of folded ACTR (red), bound to NCBD 
(blue) (51). (b/c) The structural ensemble of free NCBD (grey, 10 structures), overlaid with NCBD in 
complex with ACTR (green) and IRF-3 (red) (47). 
1.2.2. Biological roles of IDPs 
IDPs may constitute up to 30% of eukaryotic proteomes (54), thus they are involved 
in a plethora of interactions. Proteins with disordered regions (IDRs) or with complete 
disorder often contain several binding motifs and are part of dynamic networks of 
interacting proteins in signaling and regulatory processes (55). A prominent example 
is the tumor suppressor p53. The N- and C-termini of p53 are unstructured (Fig. 5b), 
making ca. 40 % of its structure intrinsically disordered (56). p53 is the central 
element of a network consisting of hundreds of interactions (57), and it ensures, 
amongst other roles, that DNA damage is detected. In unstressed cells, p53 occurs 
at low concentration and is downregulated by Mdm2 (58), which binds to the 
unstructured N-terminal TAD domain of p53 and blocks its function. Upon cellular 
stress, specific kinases phosphorylate the N-terminus of p53, leading to the release 
of Mdm2 and enhancing the binding of the N-terminus to several domains of the 
transcriptional coactivators CBP and p300 (59). 
1.2.3. Effect of crowding on IDPs 
The free energy surfaces of IDPs are relatively flat and featureless compared to 
folded proteins (60). This property is believed to make them more susceptible 
towards interactions with their environment, such as to macromolecular crowding. 
Simulations showed that crowding leads to a compaction of a coarse-grained model 
of an IDP (61) and of a self-avoiding polymer (62). This is in accordance with the 
assumption that compact conformations are favored under crowded conditions. The 
compaction of disordered or unfolded proteins was experimentally found in several 
cases using crowders such as dextrans or Ficoll (63-65). The same studies also 
concluded that the investigated IDPs remained unstructured and highly dynamic 
under crowded conditions. There were also cases reported where secondary 
structure was induced in IDPs under crowded conditions (66). However, the induction 
of secondary structure was found in the presence of glucose, which is rather a co-
solute than a macromolecular crowder. Thus, the gain in secondary structure can be 
attributed to attractive interactions. 
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1.3. Methods to study intrinsically disordered proteins in living cells 
1.3.1. Studying proteins in the test tube and in living cells 
Most of what is known about protein structure and function was found by studies 
performed in the test tube (in vitro) under chemically defined conditions in aqueous 
buffers. Studying proteins in their natural environment such as in living cells (in vivo) 
or embedded in an extracellular matrix is challenging because of the complexity of its 
surrounding. However, recent advances have made it possible to study folded 
proteins and especially IDPs also in living cells. Some of these methods are outlined 
below. 
Experimental and computational methods to study protein structure and function 
under in vitro conditions were constantly developed and improved during the last 
decades. Spectroscopic methods, such as UV absorption, circular dichroism (CD), 
small-angle X-ray (SAXS) and neutron scattering (SANS) or fluorescence 
spectroscopy are widely used to analyze the structures of pure proteins in solution. 
SAXS and SANS were shown to be useful to obtain information about dimensions 
and shapes of ordered and disordered proteins (67). Both methods are demanding in 
sample preparation, because large amounts of pure protein are needed. CD allows 
the presence or absence of secondary structure elements in a protein to be 
determined by measuring the absorption of circularly polarized light. The addition of 
kosmotropic trimethylamine-N-oxide (TMAO) to a solution of the disordered fragment 
of human glucocorticoid receptor (GR 1-500), e.g., induced secondary structure, as 
shown by the differences in the CD spectra (68) (Fig. 7a). 
Fig. 7: Characterization of an IDP with CD and fluorescence spectroscopy. (a) CD spectra of GR 1–
500 in the absence of TMAO (solid line) and presence of TMAO (dashed and dotted line). (b) 
Fluorescence emission spectra (295 nm excitation) of native GR 1–500 (thin solid lines), in 7 M 
guanidinium chloride (bold solid lines), and in the presence of TMAO (dashed lines) (68). 
Complementary to CD, ensemble fluorescence spectroscopy can be used to study 
the structure of proteins. The fluorescence emission of tryptophan is very sensitive to 
its local environment and can therefore be used to analyze whether a protein is 
folded, unfolded or changes its compactness. The compaction and folding of 
disordered GR 1-500, induced by TMAO, is shown by a shift of the fluorescence 
emission maxima to shorter wavelengths (Fig. 7b), compared to natively disordered 
or denatured GR 1-500 (thin and bold solid line) (68). Unlike CD spectroscopy, 
fluorescence spectroscopy is well suited to study proteins in living cells. Using 
fluorescently tagged proteins, it is possible to specifically target the protein of interest 
even in the complex environment of a cell. Methods such as fluorescence recovery 
after photobleaching (FRAP) have been used to analyze diffusion of fluorescently 
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labeled dextrans and Ficolls in MDCK and Swiss 3T3 cells (69) or proteins in E. coli 
(70) and eukaryotic cells (71, 72).
A versatile method to study protein dynamics is fluorescence correlation 
spectroscopy (FCS), where fluorescence intensity fluctuations are analyzed. FCS 
can be used to observe dynamic processes from seconds to nanoseconds (73), 
which includes, besides translational diffusion, also protein chain reconfiguration 
(74). FCS is thus well suited to study the influence of the local environment on 
protein diffusion and chain reconfiguration in living cells. Until recently, the 
application of FCS in living cells mainly focused on the translational diffusion of 
fluorescently labeled proteins (75, 76) or the diffusion of proteins or lipids 
incorporated into cell membranes (77). As an extension of FCS, fluorescence image 
correlation methods allow the diffusion of plasma-membrane proteins to be studied in 
living cells (78, 79). 
Dimensions of proteins can be measured by Förster resonance energy transfer 
(FRET) spectroscopy, where distances between two fluorescent labels of up to 10 
nm are measured (80, 81). Upon excitation of a donor fluorophore, which can be a 
fluorescent protein or a small organic dye, a distance dependent, non-radiative 
energy transfer to the acceptor fluorophore occurs. The transfer efficiency is a 
measure for the interdye distance. It is calculated from the ratio of emitted acceptor 
photons over the sum of emitted donor and acceptor photons, where a high transfer 
efficiency indicates a short interdye distance. This approach was used in living cells 
to study the protein folding kinetics and stabilities of PGK, labeled with two 
fluorescent proteins as FRET sensors (82). After destabilizing the intracellular protein 
with laser-induced temperature jump, the reequillibration of the FRET signal was 
analyzed. It was found that PGK was more stable than in vitro, but the folding and 
unfolding kinetics were only marginally affected by the cell (83). 
Super-resolution microscopy has become increasingly popular because it allows 
fluorescent probes to be imaged below the diffraction limit (84). With spatial 
resolutions of less than 20 nm, super-resolution microscopy is mainly used for the 
localization of proteins or protein complexes such as nuclear pores in the nuclear 
envelope (85) or vesicles decorated with labeled ɑ-synuclein (86). However, the 
temporal resolution of super-resolution methods is currently limited to 0.1 – 0.5 s 
(87), which does not allow diffusional or fast conformational dynamics of proteins to 
be studied. 
To solve the structure of proteins on an atomic level, mostly X-ray crystallography 
and nuclear magnetic resonance (NMR) spectroscopy are used. X-ray 
crystallography is very powerful in resolving structures in the low Ångström range. 
However, a major limitation is that disordered proteins do not allow defined X-ray 
diffraction patterns to be recorded and that only static structural information are 
obtained. It was shown that NMR can cope with those problems. An increasing 
number of protein structures deposited in the PDB database were solved by NMR, 
and NMR is a key method to elucidate structural properties of disordered proteins in 
vitro and in living cells (88). 
ɑ-Synuclein is an IDP that was extensively studied by NMR both in vitro as well as in 
vivo. A combination of NMR spectroscopy and ensemble molecular dynamics (MD) 
was used to map the topology of ɑ-synuclein (89). A very compact structural 
ensemble was found with long-range contacts between the C-terminal tail and the 
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aggregation promoting hydrophobic middle part (NAC region). These contacts have 
been suggested to shield the NAC region and prevent ɑ-synuclein from forming 
amyloid fibrils (89). Other NMR experiments on ɑ-synuclein studied its amyloid fibril 
structure (90) and the interaction of the IDP with lipids and membranes (91). The 
potential of NMR as a method for in-cell experiments was shown by studying ɑ-
synuclein in living neuronal cells (92), where it was found that the protein remained 
disordered within living cells. NMR was also used to resolve interactions between 
proteins and its surrounding in cell lysates (31) and living cells (93) with residue-level 
resolution. 
1.3.2. Practical considerations for in-cell studies 
The simplest way to study proteins in a cell-like environment is by dissolving the 
proteins in bacterial or eukaryotic cell lysates (31, 94). This method gives insights 
into possible interactions of the targeted protein with intracellular ligands, but it lacks 
the spatial organization of intact cells. For studies employing fluorescence 
spectroscopy, fusion constructs of the protein of interest tagged with fluorescent 
proteins were co-expressed in U2OS (human osteosarcoma) and HeLa (human 
cervical carcinoma) cells (82) or in E. coli and HEK293 (human embryonic kidney) 
cells (30). This method has the advantage that transfection methods for expressing 
exogenous proteins are well established and that expressing cells can easily be 
identified by fluorescence microscopy. However, the use of fluorescent proteins is of 
limited use owing to their large size, the low brightness and photostability (95), the 
tendency to oligomerize (96) and the complication of controlling expression levels 
(97). 
It is evident that not every experiment can rely on fusion proteins expressed by the 
cell itself. NMR, e.g. needs isotope-labeled proteins, which is mostly synthesized in 
E. coli cells, and only to a minor extent in eukaryotic cells (98). The same problems
apply to techniques such as fluorescence spectroscopy, which rely on small organic
dyes because of their superior photophysical properties. Common ways of labeling
proteins in vitro with organic fluorescent dyes are by coupling functionalized dyes via
maleimides to a cysteine residue or via succinimidyl esters to an amino residue. The
targeted residues may either occur naturally or are introduced by site-specific
mutagenesis. This methodology has successfully been used on many folded and
disordered proteins (99). Recently, the use of click chemistry together with the site-
specific introduction of unnatural amino acids has also been shown to yield satisfying
results (100). Labeling proteins in living cells is a challenging task, especially
because of the required target specificity and the remaining fluorescent background.
Advances for in-cell labeling were made by developing membrane-permeable dyes
which exhibit their fluorogenic character only after binding to its target (101). So far,
this approach has been useful in combination with super-resolution microscopy, but
less for structural studies of proteins.
Several methods have been established to deliver labeled macromolecules into living 
cells. A rather crude approach is ‘scrape-loading’, where cells are loaded with labeled 
molecules by manually disrupting the cell membranes in the presence of the sample 
(102). Electroporation was shown to be a more efficient way of loading cells with 
labeled proteins. Micromolar concentrations of protein were successfully delivered 
into E. coli cells (103) and into several mammalian cells, such as HeLa or SK-N-SH 
(human neuroblastoma) cells (92), without affecting the viability of the cells 
drastically. Other loading methods, such as import of proteins using cell penetrating 
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peptides (CPPs) (104) or pore forming toxins (105) were shown to work in principle. 
However, especially CPPs can be difficult to work with because the cargo can be 
trapped in endosomes with only little escape of the imported proteins into the cytosol 
(106). 
Microinjection is a robust and reproducible tool to transfect living cells with DNA. This 
technique has also been used to inject other macromolecules into the cytosol or 
nuclei of cells, while maintaining a high survival rate of cells. For instance, the 
intracellular diffusion of fluorescently labeled dextrans and Ficolls in MDCK (canine 
kidney) and Swiss 3T3 (murine fibroblast) cells was studied after delivering the 
sample by microinjection (69). Fluorescently labeled proteins such as IgG or β-
galactosidase were microinjected into cultured murine muscle cells (71), showing the 
versatile usage of microinjection. Although microinjection is not a high-throughput 
method, it still allowed enough X. laevis oocytes to be injected with the protein GB1 
to perform in-cell NMR experiments (107). 
1.3.3. Single-molecule FRET spectroscopy 
Single-molecule spectroscopy in combination with Förster resonance energy transfer 
(FRET) is a powerful tool to study structures and dynamics of proteins (73). The key 
feature of single-molecule FRET spectroscopy is that proteins are studied 
individually, without averaging over an ensemble of molecules. Several aspects of 
proteins can be studied, such as distance distributions within a protein, folding 
kinetics, or dynamic processes such as diffusion and fast protein reconfigurations. 
The readout of a single-molecule FRET measurement can be displayed as a trace of 
photons (Fig. 8a), where every passage of a single FRET-labeled protein through the 
confocal volume of the microscope generates a burst of green and red photons. The 
subsequent data analysis allows to determine protein dimensions and dynamics. 
Fig. 8: Data analysis of single-molecule FRET data. (a) Photon trace showing fluorescence bursts in 
the donor (green) and acceptor (red) channel. Each burst originates from one FRET-labeled molecule 
passing the observation volume. (b) Transfer efficiency histogram calculated from the detected photon 
bursts. (c) Fluorescence intensity correlations (donor-donor in green, acceptor-acceptor in red, donor-
acceptor in black) showing amplitudes in the millisecond range from translational diffusion or in the 
nanosecond range (inset) originating from chain reconfiguration dynamics. 
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Protein dimensions 
As described elsewhere (99, 108), the ratio of detected acceptor (𝑛𝐴) and donor 
photons (𝑛𝐷) is used to calculate the transfer efficiency (𝐸 = 𝑛𝐴/(𝑛𝐴 + 𝑛𝐷)), which is 
a measure for the distance between the two dyes. The transfer efficiency is 
calculated for all the detected bursts, upon which a transfer efficiency histogram is 
built (Fig. 8b). Since this is a single-molecule technique, the number of populations in 
the transfer efficiency histogram report on the number of states the observed protein 
can adopt, assuming the populations interconvert slower than their diffusion time 
through the observation volume (109). A fit of those populations allows the mean 
transfer efficiency, 〈𝐸〉, to be determined, from which quantities such as mean 
interdye distances or radii of gyration can be inferred. 
The mean transfer efficiency 〈𝐸〉 can be expressed as a function of the distance 
dependence of the transfer efficiency 𝐸(𝑟), weighted by a dye-to-dye distance 
distribution 𝑃(𝑟) which is sampled by the chain, 
〈𝐸〉 = ∫ 𝐸(𝑟)𝑃(𝑟)𝑑𝑟
𝑙𝑐
𝑎
 
with 
𝐸(𝑟) =
1
1 + (𝑟/𝑅0)6
where 𝑎 is the distance of the closest approach of the dyes, 𝑙𝑐 is the contour length of 
the protein segment between the two dyes, and 𝑅0 is the Förster radius of the chosen 
dye pair. For the distribution of distances 𝑃(𝑟), simple polymer models, such as a 
Gaussian chain are often used (110, 111), 
𝑃(𝑟) = 4𝜋𝑟2 (
3
2𝜋〈𝑟2〉)
3/2
𝑒𝑥𝑝 (−
3𝑟2
2〈𝑟2〉) 
where 〈𝑟2〉 is the mean squared interdye distance. Experimentally accessible mean 
interdye distances range from approximately 2 – 10 nm, given the Förster radius of 
the dye pair used for single-molecule FRET experiments. Assuming a Gaussian 
chain, 〈𝑟2〉 can be converted into the mean radius of gyration, 𝑅𝑔, using 𝑅𝑔2 = 〈𝑟2 〉/6.
Protein dynamics 
FCS 
By correlating the fluorescence intensity fluctuations of a single-molecule FRET 
measurement (Fig. 8c), information about dynamic processes, such as translational 
diffusion or triplet state dynamics, can be obtained (112). The correlations are carried 
out according to 
𝑔𝑖𝑗(𝜏) =
〈𝑛𝑖(𝑡)𝑛𝑗(𝑡 + 𝜏)〉𝑡
〈𝑛𝑖(𝑡)〉𝑡〈𝑛𝑗(𝑡)〉𝑡
with 𝑖, 𝑗 = 𝐴, 𝐷 (𝐴 = acceptor, 𝐷 = donor). 𝑛𝑖(𝑡) and 𝑛𝑗(𝑡 + 𝜏) are the fluorescence 
count rates in the detector channels 𝑖 and 𝑗 and 〈… 〉𝑡 denotes the time average of the
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signal. The obtained cross-correlation curves of the donor and the acceptor channels 
are fitted with 
𝑔𝐴𝐷(𝜏) = 1 +
1
𝑁𝐴𝐷
1 + 𝑐𝑇
(𝐴𝐷)𝑒−𝜏/𝜏𝑇
(𝐴𝐷)
(1 + 𝜏/𝜏𝐷)(1 + 𝜏/𝑠2𝜏𝐷)1/2
where 𝑐𝑇 and 𝜏𝑇 describe the amplitude and the decay time of the triplet state, 
respectively. 𝑁𝐴𝐷 describes the average number of donor-acceptor labeled proteins in 
the confocal volume, 𝑠 the ratio of axial over lateral radius of the confocal volume and 
𝜏𝐷 the translational diffusion time of the labeled protein through the confocal volume 
of the microscope. 
Nanosecond FCS (nsFCS) 
Chain dynamics of IDPs occur on a timescale from approximately 20 to 200 ns with a 
segment length of ~30 to ~200 amino acid residues and can be assessed with 
nsFCS (113). As earlier described (74, 114), the donor and acceptor autocorrelation 
curves and the donor-acceptor cross-correlation curve are calculated and fitted 
globally up to a delay time of 1 μs using 
𝑔𝑖,𝑗(𝜏) = 1 +
1
𝑁 (1 − 𝑐𝐴𝐵𝑒
−|𝑡−𝑡0|/𝜏𝐴𝐵)(1 + 𝑐𝐶𝐷𝑒−|𝑡−𝑡0|/𝜏𝐶𝐷)(1 + 𝑐𝑇𝑒−|𝑡−𝑡0|/𝜏𝑇)
with 𝑖, 𝑗 = 𝐴, 𝐷 (𝐴 = acceptor, 𝐷 = donor). 𝑁 corresponds to the average number of 
proteins in the confocal volume and the three multiplicative terms describe photon 
antibunching (AB), chain dynamics (CD), and triplet blinking (T) of the dyes. The 
decay time of the chain dynamics (𝜏𝐶𝐷) is a shared fit parameter and is extracted 
from the global fit of the three correlations. After correction of 𝜏𝐶𝐷 for the transfer 
efficiency of the labeled protein (115), the chain reconfiguration dynamics of a protein 
can be analyzed. 
1.3.4. Single-molecule FRET spectroscopy in living cells 
Single-molecule FRET spectroscopy has been used extensively to study proteins in 
vitro, e.g. how dimensions of IDPs depend on the ionic strength of the solution (27). 
Applying single-molecule FRET spectroscopy to living cells is a challenging task 
which only few research groups tried to approach yet, but it promises to increase the 
knowledge about how proteins function in living cells. 
First in-cell single-molecule FRET experiments were performed by delivering labeled 
DNA and proteins into E. coli and S. cerevisiae cells using electroporation (103). The 
samples were successfully internalized and single molecules were tracked in live 
bacteria. Even FRET of intact molecules in living bacteria was measured to analyze 
the conformations of the observed species. At the time of the start of this thesis, only 
one publication existed where the successful microinjection and detection of FRET-
labeled proteins in live mammalian cells on a single-molecule level was reported 
(116). 
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Fig. 9: Overview of the process for analyzing FRET-labeled proteins in living cells. (a) FRET-labeled 
ProTɑ, indicating FRET from the donor (green) to the acceptor dye (red). (b) Microinjection of labeled 
protein into adherent HeLa cells. (c) Scheme of the confocal microscope used for single-molecule 
FRET measurements in cells. 
Although single-molecule FRET is measured with a confocal microscope to minimize 
background fluorescence, intracellular autofluorescence is still a major problem for 
in-cell single-molecule FRET spectroscopy. Cellular autofluorescence is mainly 
caused by molecules such as NADH or flavins (117), with fluorescence emission up 
to a wavelength of ~520 nm. Many fluorescent dyes used for FRET (Fig. 9a) absorb 
and emit light below or in the range where autofluorescence occurs (e.g. Alexa 488 
and Alexa 594). The problem of autofluorescence can thus be reduced by choosing 
dyes which are shifted towards larger emission wavelengths. 
Choosing the best dye pair depends on the problem to be solved. However, special 
care has to be taken that the dyes don’t interfere with the experiment. Especially 
hydrophobic dyes can non-specifically bind to, e.g., cellular membranes (118, 119) or 
mitochondria (120). Based on previous publications (107, 116) and on many tests 
with other methods such as scrape-loading (102), cell penetrating peptides (104) and 
electroporation (93), microinjection was chosen to deliver the FRET-labeled proteins 
into living cells (Fig. 9b). Microinjection should allow pM to nM concentrations of 
labeled proteins to be delivered, which is needed for single-molecule spectroscopy. 
The single-molecule FRET measurements are carried out using a confocal 
microscope (Fig. 9c), where the labeled proteins get excited with a laser. The emitted 
photons from the donor and acceptor dyes are collected by a high aperture objective 
and split according to the color into four detection channels, where they are detected 
separately by single-photon avalanche detectors (99). 
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Intrinsically disordered proteins (IDPs) are involved in a wide range
of regulatory processes in the cell. Owing to their flexibility, their
conformations are expected to be particularly sensitive to the
crowded cellular environment. Here we use single-molecule Förster
resonance energy transfer to quantify the effect of crowding as
mimicked by commonly used biocompatible polymers. We observe
a compaction of IDPs not only with increasing concentration, but
also with increasing size of the crowding agents, at variance with
the predictions from scaled-particle theory, the prevalent paradigm
in the field. However, the observed behavior can be explained
quantitatively if the polymeric nature of both the IDPs and the
crowding molecules is taken into account explicitly. Our results sug-
gest that excluded volume interactions between overlapping bio-
polymers and the resulting criticality of the system can be essential
contributions to the physics governing the crowded cellular milieu.
single-molecule FRET | unfolded state collapse |
excluded volume screening | Flory–Huggins theory
Asurprisingly large number of eukaryotic proteins eithercontain substantial unstructured regions or are entirely
unfolded under physiological conditions (1, 2). These “in-
trinsically disordered proteins” (IDPs) are involved in many
crucial cellular processes, such as transcription, translation, and
signal transduction; their functional and conformational prop-
erties are thus of great interest for a wide range of biological
questions. Important advances in understanding the structures of
IDPs have been made over the past decade, especially with
spectroscopic techniques, e.g., NMR (3, 4), single-molecule
fluorescence (5–7), and with atomistic and coarse-grained mo-
lecular simulations (8–10). In contrast with the stable folded
structures we are familiar with from 50 y of structural biology,
IDPs comprise highly heterogeneous and dynamic ensembles of
conformations, which either lack stable tertiary structure alto-
gether or fold only on binding their cellular targets (4). Impor-
tant components of the cellular environment that affect IDPs
include not only specific cellular ligands, but also pH and the
concentration of salts (11, 12). An additional contribution that
has been difficult to investigate experimentally comes from the
large number of different solutes present in a cell that do not
interact with an IDP specifically, but result in an environment
that is densely filled with macromolecules and metabolites
(12–14). Given their lack of persistent structure, the con-
formations of IDPs are expected to be particularly sensitive to
the effects of such molecular crowding. Indeed, first experiments
indicate that some IDPs gain structure upon crowding (15),
whereas others do not (16–18), but may change their dimensions
(19–21). The question of how the conformational distributions of
IDPs respond to crowded environments is of particular current
interest because IDPs have a vital role in cellular compartments
and regions with very high local concentrations of proteins and
RNA, such as RNA granules and nuclear pore complexes (22–25).
However, a quantitative comprehension of how the concentrations
and sizes of the molecular crowding agents (or “crowders”) affect
IDPs is currently incomplete (26), especially for polymeric crow-
ders. Here we use single-molecule spectroscopy to investigate the
influence of crowding on the conformational distributions of IDPs,
as a step toward a quantitative framework of how the polydisperse
cellular environment affects these highly flexible molecules.
Single-molecule fluorescence detection in combination with
Förster resonance energy transfer (FRET) is a method highly
suited for addressing this question (5–7, 11, 27, 28) because it
allows the heterogeneous structural ensemble of suitably labeled
IDPs to be probed even in the presence of very large concen-
trations of unlabeled solutes. To investigate the physical principles
underlying the crowding effects on IDPs, we study a selection of
IDPs representative of the naturally occurring sequence compo-
sitions in combination with a broad range of molecular sizes of
crowding agents. We primarily use polyethylene glycol (PEG) as
a crowding agent. This uncharged polymer with high solubility in
aqueous solution (29) (SI Appendix, Fig. S1) is available from
monomeric ethylene glycol to degrees of polymerization of almost
1,000 (SI Appendix, Table S1) at sufficient purity for single-mol-
ecule experiments up to physiologically realistic volume fractions
of crowder of ∼40% (30). PEG is widely used for biomedical
applications (31) and for mimicking inert crowding agents (13, 26).
Previous work has shown that the conformational properties of
IDPs strongly depend on their amino acid sequence composition
and charge patterning (8, 11, 27, 28, 32–34). Here we investigate
the effect of crowding on four different IDP sequences that span
a broad range of net charge per residue and average hydropho-
bicity (Fig. 1 and SI Appendix, Table S2): the N- and C-terminal
segments of human prothymosin-α (ProTα-N and -C), the binding
domain of the activator for thyroid hormones and retinoid
receptors (ACTR), and the N-terminal domain of HIV-1 integrase
(IN). Whereas ProTα is highly charged and does not assume
a folded structure under any known conditions, ACTR and IN are
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representatives of the classes of IDPs that fold upon binding
a protein or a small ligand, respectively.
Results
Quantifying Crowder-Induced Chain Compaction with Single-Molecule
FRET. To probe the intramolecular distance distributions of the
IDPs, we attached Alexa Fluor 488 and Alexa Fluor 594 as donor
and acceptor fluorophores via cysteine residues introduced at suit-
able positions, with sequence separations of 55 (ProTα-N), 54
(ProTα-C), 72 (ACTR), and 49 residues (IN) (SI Appendix, Table
S1). Fig. 2 shows examples of confocal single-molecule FRET
experiments with the four different IDP sequences performed at
increasing concentrations of PEG 6000 (i.e., PEG with a molecular
mass of ∼6,000 Da; SI Appendix, Table S2). Up to three peaks are
observed in the transfer efficiency (E) histograms from measure-
ments of labeled IDPs freely diffusing in solution. The peak at E ∼
0 results from molecules lacking an active acceptor dye and is not of
interest here. The second peak at intermediate E corresponds to the
disordered state. The appearance of a third peak at E ∼ 0.7 and E ∼
0.9 for ACTR and IN, respectively, results from the formation of
a folded structure in complex with their ligands, the nuclear coac-
tivator binding domain (NCBD) and a Zn2+ ion, respectively (SI
Appendix). This separation of subpopulations is essential for dis-
tinguishing the effects of solutes on the conformational distributions
within the disordered state from a cooperative transition to a folded
state. In the case of IN, our experiments indicate the formation of
a small folded population at high PEG concentrations even in the
absence of Zn2+ (Fig. 2D and SI Appendix, Fig. S2), but for all other
proteins, only an unfolded population is present (Fig. 2 and SI
Appendix, Fig. S2). However, with increasing concentration of PEG
6000, three of the four disordered sequences (ProTα-C, ProTα-N,
and ACTR) exhibit a clear shift of the peak corresponding to the
disordered state toward higher transfer efficiencies, indicating an
overall tendency of these proteins to collapse in the presence of
crowding agents. For the case of IN, which has the least charged
and most hydrophobic sequence (Fig. 1), only very small changes in
transfer efficiency are noticeable, clearly demonstrating that mo-
lecular crowding does not affect all IDPs equally. Given the
importance of intramolecular electrostatic repulsion for their
conformations (11, 33), it may seem surprising that the more
highly charged IDPs exhibit a more pronounced collapse.
The changes in transfer efficiency of the IDPs induced by the
crowding agents can be used to extract information on the cor-
responding changes in chain conformations. Following previous
work on unfolded proteins (35) and IDPs (27, 28), we use a
Flory–Fisk distribution, which provides a description of the un-
derlying distance distributions, to quantify the dimensions of the
polypeptide chains in terms of mean-squared intramolecular
distances or the effective radii of gyration, Rg, of the segments
Fig. 1. Mean net charge versus mean hydrophobicity per residue for the
four disordered protein sequences used in this study: the C- and N-terminal
segments of prothymosin α, ProTα-C (blue) and ProTα-N (green), respectively
(complete sequence: black), the activator for thyroid hormones and retinoid
receptors, ACTR (orange), and the N-terminal domain of the HIV-1 integrase,
IN (red). Folded structures refer to the conformations of ACTR and IN in
presence of their ligands, NCBD (gray structure) and Zn2+ (light gray sphere).
The FRET labeling sites (SI Appendix, Table S1) are indicated by colored
spheres. The dashed gray line indicates the boundary between intrinsically
disordered and folded proteins proposed by Uversky (32). Note that the con-
tributions to the net charge from the fluorescent dyes are included (11).
Fig. 2. Single-molecule FRET can be used for quantifying the compaction of disordered proteins by molecular crowding. Representative FRET efficiency
histograms at different volume fractions of polyethylene glycol (PEG) 6000 for ProTα-C (A, blue), ProTα-N (B, green), ACTR (C, orange), and IN (D, red).
Histograms of ACTR and IN in the presence of their respective interaction partners, NCBD (C) and Zn2+ (D), are shown for comparison. Gaussian and lognormal
distributions are used to fit the data (solid lines). The transfer efficiency peaks from molecules lacking an active acceptor dye are shaded in gray. At the
highest volume fractions of PEG, some broadening of the peaks is observed due to the increasing fluorescent background. Only IN exhibits a small crowder-
induced population at the transfer efficiency of the folded state (see SI Appendix, Fig. S2 for detailed controls). (E) The resulting radii of gyration (Rg) for
ProTα-C (blue circles), ProTα-N (green triangles), ACTR (orange rhombi), and IN (red squares) illustrate the PEG-induced compaction. Fits (solid lines) are
obtained using scaled-particle theory (SI Appendix, Eq. S5) with the size of PEG 6000 as a single, globally adjustable fitting parameter. The precision of the
values of Rg as estimated from multiple measurements of selected data points is comparable to or smaller than the size of the symbols.
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probed by the FRET pair (SI Appendix). Note that the analysis is
robust with respect to the polymer-physical model used and that
the use of multiparameter detection allows us to exclude possible
interfering artifacts, such as insufficient rotational averaging of the
fluorophores or quenching of the dyes (SI Appendix).
Fig. 2E shows examples of the resulting changes in Rg as a
function of the volume fraction ϕ of PEG 6000 for the four IDP
sequences, all of which exhibit collapse upon crowding. Between
0% and 40% of crowder, the changes in Rg range from 0.2 nm (or
∼10%) for IN to ∼1 nm (or ∼30%) for ProTα-C. Qualitatively,
this is the behavior expected even from a simple hard-sphere
model for a crowding agent whose steric repulsion of the IDP
chains leads to their compaction (13, 36). A commonly used
quantitative framework for such effects is scaled-particle theory
(37), which provides an estimate of the change in free energy
required for creating a cavity equivalent to the size of the IDP in
a solution of hard spheres with a radius corresponding to the size
of the crowding agent, Rcrdg (SI Appendix). If we apply scaled-
particle theory, a remarkably good fit is achieved with Rcrdg as
a global fit parameter (Fig. 2E). However, the resulting value for
Rcrdg of (6.2 ± 0.1) nm is almost twice the measured radius of
gyration of PEG 6000 (SI Appendix, Fig. S1), signifying that
a hard-sphere description is not adequate for polymeric crowd-
ing agents such as PEG (38).
Crowder Size Variation Reveals the Importance of Polymer Effects.
To identify the origin of this discrepancy, we choose a strategy
orthogonal to varying the volume fractions of crowder and probe
the influence of different sizes of crowding agents on the com-
paction of IDPs. Fig. 3 shows the complete data set for all four
IDP sequences with PEGs of 10 different degrees of polymeri-
zation, P, at volume fractions from 0% to ∼40%. For all IDPs,
we observe the tendency to collapse with increasing crowder
concentration, but interestingly, the degree of compaction is
highly dependent on crowder size. The characteristic behavior is
most apparent if we consider the change in Rg of an IDP as
a function of P at a fixed volume fraction of PEG, as illustrated
in Fig. 4 for ProTα-C with ϕ = 15%. The IDPs collapse mono-
tonically as the crowder size increases, but their Rg reaches
a plateau for PEGs of more than ∼100 monomers. Notably, this
behavior is the opposite of what we expect from scaled-particle
theory because the free energy cost for creating a cavity of given
size decreases with increasing crowder size (SI Appendix); in other
words, larger solid-sphere crowding agents have larger interstitial
cavities and would thus accommodate expanded IDPs more easily
(Fig. 4A). To illustrate the discrepancy, Fig. 4E shows the resulting
prediction for Rg(P) based on scaled-particle theory (solid black
line, Fig. 4E).
An obvious deficit of scaled-particle theory for the treatment
of unfolded proteins is the assumption that the crowders cannot
penetrate the unfolded chain. To address this issue, Minton
proposed the “Gaussian cloud” model (37) (Fig. 4B), where the
unfolded protein is described in terms of a continuous Gaussian
distribution of monomer density around the center of mass of the
protein (SI Appendix, Fig. S3). Small solid-sphere crowders can
pervade this protein cloud and thus have little effect on the density
distribution of the chain.With increasing crowder size, the probability
of accommodating the corresponding spheres without steric clashes
with the chain decreases, leading to a compaction of the IDP, in
agreement with experimental observation (solid gray line, Fig. 4E).
For very large crowding agents, however, this penetration probability
decreases further, and ultimately the limit of classic scaled-particle
theory is recovered, in contrast with the experimental observation.
These results strongly suggest that we need to go a step further
and take into account the polymeric nature of both IDP and
crowding agent to explain the behavior observed experimentally.
The simplest realistic model needs to comprise two polymers of
different lengths in good solvent, i.e., a ternary system. Note that
both the IDPs (24) and the crowder (SI Appendix, Fig. S2) (26)
exhibit the scaling behavior characteristic of polymers in good
solvent, which justifies this assumption.
We also need to take into consideration that, unlike the hard
spheres assumed in scaled-particle theory, polymer chains can
interpenetrate. This aspect becomes most relevant above a lim-
iting volume fraction, referred to as the overlap concentration
ϕp, where the solution can be thought of as being filled by
nonintersecting spheres of the size of a single polymer chain. For
volume fractions greater than ϕp, the transition between dilute
and semidilute regimes occurs, and the chains start to overlap,
which will affect the conformations of the polymers (SI Appendix,
Fig. S1). ϕ* depends only on the length P of the polymers and on the
scaling exponent in the appropriate solvent regime (ϕp =P−4=5 in
good solvent; SI Appendix); for long chains, this semidilute regime is
reached already at volume fractions of a few percent (SI Appendix,
Fig. S1) and the interpenetration of the chains must thus be taken
into account for the majority of our experimental conditions.
Within the framework of the commonly used Flory–Huggins
theories, we therefore need to distinguish two scenarios under
our experimental conditions: the short-chain regime (Fig. 4C)
and the long-chain regime (Fig. 4D) (39). In the first case, the
crowding polymer chains are short and consequently remain
below the overlap concentration. The system can thus be
depicted as a dilute (ϕ < ϕ*) solution of PEG chains of radius
Rcrdg that do not overlap with each other but are able to pervade
the volume explored by the IDP (Fig. 4C) (39). Inside this vol-
ume, the degrees of freedom of the crowders are reduced by the
IDP, and the crowder chains will gain entropy by leaving this
volume. A further increase in entropy of the crowder molecules
results from reducing the volume occupied by the protein. In
Fig. 3. Both increasing volume fraction and increasing crowder size lead to
IDP compaction. Radii of gyration of ProTα-C (circles), ProTα-N (triangles),
ACTR (rhombi), and IN (squares) as a function of the volume fraction of PEG
obtained from single-molecule FRET experiments. Fits to the data corre-
sponding to the short-chain regime (dashed lines, Eq. 1a) and the long-chain
regime (solid lines, Eq. 1b) are shown. For the case of PEG 400, both types of
fits are reported to illustrate the cross-over between the two regimes. The
vertical dashed line indicates the volume fraction of 15% PEG used in Fig. 4.
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other words, the requisite equality of chemical potentials for
crowders inside and outside the volume pervaded by the IDP
predicts a collapse of the protein chain (39), similar to the
Gaussian cloud model, and in good agreement with the experi-
mental data (cyan line, Fig. 4E; also see SI Appendix). In the
long-chain regime, however, this mean-field theory fails and
diverges from the measured results. In this regime, the crowding
polymers are often above their overlap concentrations, and their
conformations are influenced by mutual interpenetration. In
contrast with the case of a single chain in good solvent, where the
dimensions are dominated by repulsive interactions between the
monomers, the interpenetration by other crowders in the semi-
dilute regime causes a screening of these repulsive interactions
within each chain (40, 41). This excluded volume screening will
also affect the conformations of the IDP. However, because the
polymers have dimensions comparable to or larger than the
protein, they will only partially penetrate the IDP. Under these
conditions, the ternary system is close to a critical point and can
exhibit density fluctuations over a broad range of length scales
due to interactions within the protein, within the crowders, and
between the crowders and the protein (41, 42). Many critical sys-
tems, ranging from the liquid–gas phase transition near the critical
point to the magnetization near the Curie point of a ferromagnet
and the Kondo effect of electrons in metals, have been successfully
described by renormalization group theory (43). The same ap-
proach has provided fundamental insights into the scaling in-
variance for polymer solutions (41). Here we adopt a renormalized
Flory–Huggins-type theory developed by Schäfer and Kappeler
(44) for a multicomponent system in the long-chain regime.
We thus analyzed the data in the short-chain and long-chain
regimes according to
RgðN;P;ϕ; aÞ=Rg0
!
1
1+ aϕ=ϕ p ðPÞ
"1=5
for    P<N1=2 ; [1a]
and
RgðN;P;ϕ; sNPÞ=Rg0 f ðN;P;ϕ; sNPÞ for P≥N1=2 ; [1b]
where Rg0 is the radius of gyration of the IDP in the absence of
crowding; a is an empirical parameter that can account for differ-
ences in the solvent quality for the different proteins and inter-
actions between protein and polymer (45) (SI Appendix); sNP
quantifies the interaction between the protein and the polymer
chains; and f is a function that represents the renormalization
mapping (SI Appendix). It is worth emphasizing that Eqs. 1a and
1b contain only a single adjustable parameter each, a and sNP,
respectively (SI Appendix, Table S4 and Fig. S4). The equations
provide a good fit to the experimental data, including the ap-
proach to a limiting value of Rg for IDPs in very large crowders
(Fig. 4E). In fact, the entire data set for all four IDP sequences is
described remarkably well by a global fit (Fig. 3). The success of
this approach supports the hypothesis that the polymeric prop-
erties of both IDP and PEG are essential for understanding the
effect of molecular crowding, and that the criticality of the solu-
tion cannot be neglected. Considering the highly polydisperse
cellular environment, it seems probable that related effects will
be prominent in vivo and that mean-field descriptions are insuf-
ficient for a quantitative description of crowding in the cell.
The Balance of Hard-Core Repulsion and Other Nonspecific Interactions.
Recent experimental results indicate that the presence of weak,
nonspecific attractive interactions in the heterogeneous cellular
environment can modulate or even dominate the effects of hard-
core repulsion that are at the basis of molecular crowding (46–48).
The role of such “chemical interactions” is a subject of debate also
for proteins and PEG (13, 26). Notably, the approach presented
here (Eq. 1b) allows the relative contributions of hard-core re-
pulsion and other interactions to be quantified in terms of the in-
teraction parameter sNP. In the cases investigated here, the analysis
with Eq. 1b indicates that a small contribution of unfavorable
interactions with PEG is present for ProTα and ACTR, and no such
interactions are detected in the case of IN (SI Appendix, Table S4).
We note, however, that even though interactions such as nonspecific
attraction between crowder and IDP can modulate the amplitude of
the change in Rg with crowder concentration (SI Appendix, Fig. S4),
the polymeric effects dominate the overall behavior.
An independent means of interrogating the role of nonspecific
charge and hydrophobic interactions is to add salt or denaturants
to the solution. Fig. 5 shows that neither 1 M KCl nor 4 M
guanidinium chloride (GdmCl) nor 4 M urea impedes the col-
lapse of ProTα. The value of Rg0 depends on ionic strength and
denaturant concentration owing to the known charge screening
and/or denaturant-induced chain expansion (11). However, the
dependence of Rg on the volume fraction of PEG is described by
Eq. 1b with the same values of sNP as in the absence of salt or
denaturant, just by rescaling Rg0 to the value at the corresponding
KCl, GdmCl, or urea concentrations without crowder, suggesting
that the effect of additional interactions on the compaction of the
IDP is small. Finally, we tested the influence of different chemical
structures of the crowding polymer in experiments with dextran,
polyvinyl alcohol (PVA), and polyvinylpyrrolidone (PVP) (Fig. 5).
Even though we could measure these solutions only for volume
fractions of crowder of up to 10% owing to fluorescent impurities,
in all cases we observed a collapse of ProTα-C similar to that in
PEG. The resulting values of sNP for dextran, PVA, and PVP are
significantly lower than for PEG (SI Appendix, Table S5), indicating
better compatibility––or less unfavorable interactions––with
ProTα, but the collapse of the IDP is preserved. In summary, the
polymeric crowding effects on IDPs observed here are dominated
Fig. 4. Polymer concepts explain the compaction of IDPs by crowding agents
of increasing size. Graphical representation of (A) scaled-particle theory (SPT),
(B) Gaussian cloud model (gcSPT), (C) Flory–Huggins theory (FH) in the short-
chain regime, and (D) renormalized Flory–Huggins theory (renormalized FH) in
the long-chain regime. (E) Radius of gyration of ProTα-C as a function of the
degree of polymerization of PEG at 15% volume fraction of crowding agent.
The data points were obtained from linear interpolation of the volume frac-
tion dependences shown in Fig. 3 (same color code for the PEG size). Fits
according to the different theories are shown as black (SPT), gray (gcSPT), cyan
(FH theory), and blue (renormalized FH theory) lines. Solid lines indicate the
regime for which the respective theories were derived; outside of these regimes,
dashed lines are used. Error bars reporting on the precision of the experiments
are calculated as 1 SD from the linear fits of data for each PEG series in Fig. 3
(uncertainties are smaller than the size of the symbols unless shown explicitly).
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by hard-core repulsion between the monomers and the resulting
excluded volume screening (40, 41), indicating a phenomenon of
generic relevance. However, the analysis presented here does allow
additional interactions to be included that can modulate the
crowding effect.
Discussion
Eqs. 1a and 1b can account for the dependence of Rg on crowder
concentration and crowder size for all four IDPs investigated
(Fig. 3). The question remains, however, why the extent of
crowder-induced compaction is so different for the different IDPs.
Polymer theory offers an interesting explanation. According to the
Flory theorem, the chains in a melt (i.e., in the absence of solvent)
of compatible polymers approach their Θ-state. Under these
conditions, because of the screening of excluded volume inter-
actions within and between the polymers, the dimensions of the
chains scale approximately with the square root of the number of
chain segments, and a characteristic radius of gyration RgΘ is ob-
served (SI Appendix). Recent work indicates that RgΘ for the IDPs
investigated here is in the range of ∼1.7–2.0 nm (27) (SI Appen-
dix). The results in Fig. 3 for the larger PEGs are indeed consistent
with asymptotic convergence of Rg for all of the IDP variants to-
ward values in this range in the limit of very high volume fractions
of crowder, i.e., under conditions that approach the situation of
a melt. In other words, highly expanded IDPs with dimensions
much greater than RgΘ (such as ProTα) are expected to undergo
more pronounced compaction on polymeric crowding than those
IDPs that are close to RgΘ already in the absence of crowders (such
as IN). Based on the empirical relations between solvent quality
and average net charge obtained previously (27), we estimate that
∼90% of all IDPs are above the θ-state in the absence of crowding
(SI Appendix) and should thus be susceptible to compaction by
polymeric crowders.
The observations reported here could thus have implications
for the functional properties of many IDPs, e.g., for the capture
radius for their cellular targets in the framework of a fly-casting
mechanism (49, 50) and for the folding propensity of denatured
ensembles in the crowded cellular environment (13). However,
the balance of the different contributions may be subtle. Whereas
a compaction of the chain by crowding will result in a decrease of
the capture radius, it will increase the translational diffusion co-
efficient. These opposing effects will modulate the basic influence
of crowding on solution viscosity and the concomitant changes in
association rates (51). Similarly, the established effects of crowding
on the stability of the folded and/or bound states of IDPs (13) may
be affected by changes in unfolded state dimensions. Single-mol-
ecule experiments of the type presented here may help to dissect
these contributions quantitatively. Complementary simulations of
polymeric crowding could provide valuable insights into the un-
derlying molecular mechanisms.
We note that a substantial fraction of crowding in the cell is due
to polymeric molecules such as peptides, nucleic acids, polysac-
charides, or other disordered proteins. However, the extent of
crowding is strongly affected by the spatial organization of the cell.
A remarkable example of very high local concentrations of IDPs
are nucleoporins, which line the nuclear pore complexes (25). We
estimate the volume fraction occupied by nucleoporins to be be-
tween 25% and 55% of the volume available in the pore, about an
order of magnitude greater than the overlap concentration (SI
Appendix). Similarly, IDPs involved in RNA granules (22, 24) or
analogous nonmembrane-bound bodies with liquid-like properties
(23, 24) are likely to exceed their overlap concentration locally
(SI Appendix). Under these conditions, polymer effects charac-
teristic of the semidilute regime will be highly relevant for the
conformations of IDPs and for the occurrence of possible phase
transitions. Interestingly, ProTα often colocalizes with dense
speckles such as promyelocytic leukemia bodies (52). Given its
abundance in the nucleus of mammalian cells and its high mobility
within and near the nucleus (53), we expect that a compaction
similar to what we observed here can occur in vivo. According to
our results, the dense local environment resulting from liquid–
liquid demixing (23, 24) or sol–gel transitions (22) should strongly
influence the conformational distributions of IDPs, with conse-
quent impact on the functional properties of the resulting as-
semblies and their mechanisms of formation. Flory–Huggins
theories as used here might thus provide novel insights into the
demixing of multicomponent polymeric systems (41). An in-
teresting next step will be a direct comparison of experiments in
vitro with intracellular measurements (14, 26), and the required
quantitative tools are beginning to emerge (54–56).
Methods
Proteins were expressed, purified, and labeled similar to previous reports (11,
27, 28). Single-molecule measurements were performed using a MicroTime
200 confocal microscope equipped with a HydraHarp 400 counting module
(PicoQuant). For details on experiments and theory, see SI Appendix.
Fig. 5. Variation of solution conditions and crowding
agents suggest the importance of nonspecific effects
on IDP compaction. Radius of gyration of ProTα-C
versus the volume fraction of PEG 400 (green circles)
and PEG 6000 (yellow circles) in (A) 1 M KCl solution,
(B) 4 M GdmCl, and (C) 4 M urea. Fits according to Eq.
1b, assuming a different value of Rg0 but the same
value of sNP as in Figs. 3 and 4, are shown as green and
yellow solid lines for PEG 400 and PEG 6000, re-
spectively. Fits for the same crowding agents in the
absence of salt or denaturant (Fig. 3) are included as
dashed lines with corresponding colors. The effects of
molecular crowding with dextran (D), PVA (E), and
PVP (F) on ProTα-C are shown for different sizes of
these alternative crowders as indicated. Lines repre-
sent the fit to the renormalized FH theory (SI Ap-
pendix, Table S5) and are extrapolated up to 40%
volume fraction for comparison with other polymers.
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'LVUXSWLRQ RI KDUYHVWHG FHOOV DQG DPPRQLXP VXOIDWH SUHFLSLWDWLRQ ZHUH FDUULHG RXW DV
GHVFULEHGSUHYLRXVO\IRU3UR7Į7KHSURWHLQZDVERXQG WRDJUDYLW\IORZ1L17$FROXPQ
7KHUPR 6FLHQWLILF DQG HOXWHG ZLWK  P0 7ULV  P0 VRGLXP FKORULGH DQG  P0
LPLGD]ROHS+7KHVDPSOHZDVGLDO\]HGDJDLQVWP07ULVP0VRGLXPFKORULGHDQG
 P0 LPLGD]ROH S+  7KH +LVWDJ ZDV FOHDYHG RII ZLWK +59 & SURWHDVH ZKLFK DOVR
FRQWDLQHGD+LVWDJDVHFRQG1L17$FKURPDWRJUDSK\UXQZDVXVHGWRUHPRYHWKHSURWHDVHDQG
WKH +LVWDJ 7KH IORZWKURXJK FRQWDLQLQJ 3UR7Į ZDV FRQFHQWUDWHG ZLWK D <0 &HQWULSUHS
FHQWULIXJDOILOWHU0HUFN0LOOLSRUHUHGXFHGZLWKP07&(3DQGSXULILHGE\UHYHUVHGSKDVH
53 +3/& RQ D 5HSURVLO *ROG  FROXPQ 'U 0DLVFK *HUPDQ\ DQG HOXWLRQ ZLWK DQ
DFHWRQLWULOH JUDGLHQW 3XULILHG 3UR7Į ZDV O\RSKLOL]HG LQ D 6SHHG9DF FRQFHQWUDWRU 7KHUPR
6FLHQWLILF GLVVROYHG LQ 0 VRGLXP SKRVSKDWH S+  DQG ODEHOHG ZLWK $OH[D )OXRU 
PDOHLPLGH ,QYLWURJHQ DW D PRODU UDWLR RI G\H WR SURWHLQ RI  7KH UHDFWLRQ PL[WXUH ZDV
TXHQFKHGZLWKȕPHUFDSWRHWKDQROUHGXFHGZLWKP07&(3DQGSXULILHGE\53+3/&RQDQ
;7HUUD&FROXPQ:DWHUV7KHIUDFWLRQFRQWDLQLQJVLQJO\ODEHOHG3UR7ĮZDVO\RSKLOL]HGLQD
6SHHG9DFFRQFHQWUDWRUDQGODEHOHGDQGSXULILHGDQDORJRXVO\ZLWKDPRODUH[FHVVRI$OH[D)OXRU
 PDOHLPLGH ,QYLWURJHQ 7KH PDVVHV RI WKH GRXEO\ ODEHOHG 3UR7Į1 DQG 3UR7Į& ZHUH
FRQILUPHGE\HOHFWURVSUD\LRQL]DWLRQPDVVVSHFWURPHWU\(6,06
,1ZDV SXULILHG E\1L17$FKURPDWRJUDSK\ DV GHVFULEHG IRU3UR7Į7KH +LVWDJZDV
UHPRYHGE\HQ]\PDWLFFOHDYDJHZLWK7KURPELQSURWHDVHDIWHUGLDO\VLVDJDLQVWP01D+&2
S+ 01D62 01D&O P0('7$P0'77$IWHU UHGXFWLRQZLWKP0
7&(3DQGSXULILFDWLRQE\53+3/&,1ZDVO\RSKLOL]HGLQD6SHHG9DFFRQFHQWUDWRUGLVVROYHG
LQP0+(3(6P0=Q&ODQG0DUJLQLQHS+DQGODEHOHGZLWK$OH[D)OXRU
PDOHLPLGHDWDPRODUUDWLRRIG\HWRSURWHLQRI7KHUHDFWLRQPL[WXUHZDVTXHQFKHGZLWKȕ
PHUFDSWRHWKDQRO UHGXFHG ZLWK  P0 7&(3 DQG SXULILHG E\ 53+3/& RQ D ;7HUUD &
FROXPQ7KHIUDFWLRQFRQWDLQLQJVLQJO\ ODEHOHG,1ZDV O\RSKLOL]HG LQD6SHHG9DFFRQFHQWUDWRU
DQG ODEHOHG DQGSXULILHG DQDORJRXVO\ZLWK$OH[D)OXRU PDOHLPLGH7KH GRXEO\ ODEHOHG ,1
ZDVSXULILHGE\53+3/&RQDQ;7HUUD&FROXPQ7KHFRUUHFWPDVVRI WKH ODEHOHG ,1ZDV
FRQILUPHGE\(6,06
$&75ZDVFRH[SUHVVHGZLWK1&%'QXFOHDUFRDFWLYDWRUELQGLQJGRPDLQRI&5(%WR
LPSURYHWKHVWDELOLW\RI$&75GXULQJH[SUHVVLRQ7KHKDUYHVWHGFHOOVZHUHGLVUXSWHGZLWKD
76FHOOGLVUXSWLRQV\VWHP&RQVWDQW6\VWHPV/WG(QJODQG WKHSURWHLQZDVERXQGWRD1L
17$FROXPQDQGWKH+LVWDJZDVUHPRYHGE\HQ]\PDWLFFOHDYDJHZLWK+59&SURWHDVH$IWHU
UHGXFWLRQRIWKHVDPSOHZLWKȕPHUFDSWRHWKDQROWKHSURWHDVHDQGWKH+LVWDJZHUHUHPRYHGZLWK
DVHFRQG1L17$FROXPQ$&75ZDVVHSDUDWHGIURP1&%'E\53+3/&RQD5HSURVLO*ROG
 FROXPQ E\ HOXWLRQ ZLWK DQ DFHWRQLWULOH JUDGLHQW 7KH IUDFWLRQ FRQWDLQLQJ $&75 ZDV
O\RSKLOL]HGLQD6SHHG9DFFRQFHQWUDWRUGLVVROYHGLQ0VRGLXPSKRSKDWHS+DQGODEHOHG
ZLWK$OH[D)OXRUPDOHLPLGHDWDPRODUUDWLRRIG\HWRSURWHLQRI7KHUHDFWLRQPL[WXUH
ZDV DJDLQ UHGXFHGZLWK ȕPHUFDSWRHWKDQRO DQG SXULILHG E\53+3/&RQ D5HSURVLO*ROG 
FROXPQ7KHIUDFWLRQZLWKWKHVLQJO\ODEHOHG$&75ZDVO\RSKLOL]HGLQD6SHHG9DFFRQFHQWUDWRU
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GLVVROYHG LQ ODEHOLQJ EXIIHU DQG ODEHOHG ZLWK D PRODU H[FHVV RI $OH[D )OXRU  PDOHLPLGH
'RXEO\ODEHOHG$&75ZDVSXULILHGE\53+3/&RQD5HSURVLO*ROGFROXPQDQGWKHFRUUHFW
PDVVZDVFRQILUPHGE\(6,06
$QDORJRXVO\WKHVDPH,'3YDULDQWVZHUHODEHOHGZLWKDGLIIHUHQW)5(7SDLU$772
DQG $772 1 $WWR7HF *HUPDQ\ ZKRVH VSHFWUD DUH VKLIWHG WRZDUGV KLJKHU ZDYHOHQJWKV
ZKHUH WKH LQIOXHQFHRIIOXRUHVFHQW LPSXULWLHVRQ WKH WUDQVIHUHIILFLHQF\KLVWRJUDPVDWKLJK3(*
FRQFHQWUDWLRQVLVVWURQJO\UHGXFHG

Preparation of crowding solutions.&URZGLQJH[SHULPHQWVZHUH FDUULHGRXW LQP0VRGLXP
SKRVSKDWHEXIIHUS+&URZGLQJVROXWLRQVZHUHSUHSDUHGE\PL[LQJDFLGLFP01D+32
FURZGLQJDJHQWDQGDONDOLQHP01D+32FURZGLQJDJHQWVWRFNVROXWLRQVWRDILQDOS+
RI7KHFRQFHQWUDWLRQRIWKHVWRFNVROXWLRQVGHSHQGHGRQWKHVROXELOLW\DQGSXULW\RI
WKHFURZGLQJDJHQWXVHGEHWZHHQZZDQGZZFURZGLQJDJHQW&URZGLQJVROXWLRQV
ZLWK ORZHUFRQFHQWUDWLRQVZHUHSUHSDUHGE\GLOXWLRQRI WKH FRUUHVSRQGLQJ VWRFN VROXWLRQ WR WKH
GHVLUHGFRQFHQWUDWLRQZLWKP0VRGLXPSKRVSKDWHEXIIHUS+

Single-molecule fluorescence spectroscopy. 6LQJOHPROHFXOH IOXRUHVFHQFH PHDVXUHPHQWV ZHUH
SHUIRUPHGZLWK D0LFUR7LPH FRQIRFDOPLFURVFRSH 3LFR4XDQW*HUPDQ\ HTXLSSHGZLWKD
GLRGH ODVHU /'+'&3LFR4XDQW*HUPDQ\D0+]VXSHUFRQWLQXXP ODVHU 6&
)LDQLXP 8. ZDYHOHQJWK VHOHFWHG ZLWK D ] EDQG SDVV ILOWHU &KURPD IRU SXOVHG
LQWHUOHDYHG H[FLWDWLRQ 3,(  DQG DQ2O\PSXV8SODQ$SR[:REMHFWLYH 2O\PSXV
3KRWRQV HPLWWHG IURP WKH VDPSOH ZHUH FROOHFWHG E\ WKH VDPH REMHFWLYH 5HPDLQLQJ H[FLWDWLRQ
OLJKW ZDV HOLPLQDWHG E\ D ILOWHU +4/3 &KURPD 7HFKQRORJ\ EHIRUH WKH HPLWWHG SKRWRQV
SDVVHG WKHFRQIRFDOXQLWZLWKDPPSLQKROH7KHHPLWWHGSKRWRQVZHUH VHSDUDWHG LQWR IRXU
FKDQQHOV ZLWK D SRODUL]LQJ EHDP VSOLWWHU DQG D GLFKURLF PLUURU '&;5 &KURPD 'RQRU
SKRWRQV ZHUH ILOWHUHG (7P &KURPD 7HFKQRORJ\ DQG WKHQ IRFXVHG RQ D Ĳ63$'
DYDODQFKH SKRWRGLRGH 3LFR4XDQW $FFHSWRU SKRWRQV ZHUH ILOWHUHG +4P &KURPD
7HFKQRORJ\DQGGHWHFWHGE\DĲ63$'3LFR4XDQW7KHDUULYDO WLPHRIHYHU\GHWHFWHGSKRWRQ
ZDVUHFRUGHGZLWKD+\GUD+DUSFRXQWLQJPRGXOH3LFR4XDQW
$OO PHDVXUHPHQWV ZHUH SHUIRUPHG E\ H[FLWLQJ WKH GRQRU G\H ZLWK D ODVHU SRZHU RI
ȝ:DWWKHEDFNDSHUWXUHRIWKHREMHFWLYH)RU3,(PHDVXUHPHQWVWKHSRZHUXVHGIRUH[FLWLQJ
WKHDFFHSWRUG\HZDVDGMXVWHGWRPDWFKWKHLQWHQVLW\RI WKHGRQRUHPLVVLRQEHWZHHQDQG
P: 6LQJOHPROHFXOH )5(7 HIILFLHQF\ KLVWRJUDPV ZHUH DFTXLUHG LQ VDPSOHV ZLWK SURWHLQ
FRQFHQWUDWLRQV RI DERXW  S0 WR  S0 7KH WLPH EHWZHHQ H[FLWDWLRQ SXOVH DQG SKRWRQ
GHWHFWLRQZDVVWRUHGZLWKSVUHVROXWLRQZLWKWKHODVHUVSXOVHGDWDUHSHWLWLRQUDWHRI0+]
7KH PHDVXUHPHQWV ZHUH SHUIRUPHG LQ  P0 VRGLXP SKRVSKDWH EXIIHU S+   P0 E
PHUFDSWRHWKDQRODQG7ZHHQZLWKYDU\LQJFRQFHQWUDWLRQVRIFURZGLQJDJHQWVDQGRU
GHQDWXUDQWV JXDQLGLQLXPFKORULGHXUHDRUSRWDVVLXPFKORULGH(DFKVDPSOHZDVPHDVXUHG IRU
PLQWRKDW.

'DWD$QDO\VLV

FRET efficiency histograms.)OXRUHVFHQFHEXUVWVIURPLQGLYLGXDOPROHFXOHVZHUHLGHQWLILHGE\
FRPELQLQJVXFFHVVLYHSKRWRQVVHSDUDWHGE\LQWHUSKRWRQWLPHVRIȝVDQGUHWDLQLQJWKHEXUVW
LIWKHWRWDOQXPEHURISKRWRQVGHWHFWHGDIWHUGRQRUH[FLWDWLRQZDV!7UDQVIHUHIILFLHQFLHVIRU
HDFKEXUVWZHUHFDOFXODWHGDFFRUGLQJWRE nAnA+nDZKHUHnDDQGnA DUHWKHQXPEHUVRIGRQRU
DQG DFFHSWRU SKRWRQV UHVSHFWLYHO\ &RUUHFWLRQV IRU EDFNJURXQG DFFHSWRU GLUHFW H[FLWDWLRQ
FKDQQHO FURVVWDON GLIIHUHQFHV LQ GHWHFWRU HIILFLHQFLHV DQG TXDQWXP \LHOGV RI WKH G\HV ZHUH
DSSOLHG  7KH SUHFLVLRQ RI WKH PHDVXUHPHQWV DV HVWLPDWHG IURP PXOWLSOH LQGHSHQGHQW
PHDVXUHPHQWVLVW\SLFDOO\WUDQVIHUHIILFLHQF\XQLWVDQGWKXVFRPSDUDEOHWRRUVPDOOHUWKDQ
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WKHGDWDSRLQWVUHSRUWHGLQWKHILJXUHVXQOHVVVKRZQH[SOLFLWO\:HHVWLPDWHDV\VWHPDWLFHUURUIRU
RgRIOHVVWKDQQPIRUWKHHQWLUHGDWDVHW+RZHYHUDXQLIRUPVKLIWRIWKLVPDJQLWXGHIRUDOO
GDWDWRZDUGKLJKHURUORZHUYDOXHVRIRgGRHVQRWDIIHFWDQ\RIRXUFRQFOXVLRQV
7KHFKDQJHV LQUHIUDFWLYH LQGH[FDXVHGE\ LQFUHDVLQJFRQFHQWUDWLRQVRIFURZGLQJDJHQWV
ZHUHPHDVXUHGZLWKDGLJLWDO$EEHUHIUDFWRPHWHU.UVV*HUPDQ\DQGZHUHXVHGWRUHFDOFXODWH
WKH)|UVWHUUDGLXVR0IRUHYHU\VDPSOHXQGHUWKHDVVXPSWLRQWKDWWKHSRO\PHULFFURZGLQJDJHQWV
SHUYDGH WKH VROXWLRQV XQLIRUPO\ 7KLV DVVXPSWLRQ GRHV QRW DIIHFW RXU FRQFOXVLRQV VLQFH WKH
QDUURZUDQJHRIUHIUDFWLYH LQGLFHVEHWZHHQDQGIRURXUH[SHULPHQWDOFRQGLWLRQVKDVD
PLQRU HIIHFW RQ WKH GLPHQVLRQV RI WKH SURWHLQV (YHQ LI ZH DVVXPHG WKH H[WUHPH FDVH WKDW QR
UHIUDFWLYHLQGH[FKDQJHZDVH[SHULHQFHGE\WKHSURWHLQORFDOO\XSRQJRLQJIURPSXUHEXIIHUWRWKH
KLJKHVWYROXPHIUDFWLRQRI3(*WKHODFNRIDUHIUDFWLYHLQGH[FRUUHFWLRQZRXOGFRUUHVSRQGWRDQ
DSSDUHQWFRPSDFWLRQRIWKHSURWHLQEHWZHHQQPDWWUDQVIHUHIILFLHQF\RIDQGQPDW
WUDQVIHUHIILFLHQF\RIUHODWLYHWRWKHYDOXHVUHSRUWHGKHUH

Fluorescence lifetimes and anisotropy. 0XOWLSDUDPHWHUGHWHFWLRQDOORZVXV WRH[FOXGHSRVVLEOH
LQWHUIHULQJDUWLIDFWVVXFKDVLQVXIILFLHQWURWDWLRQDODYHUDJLQJRIWKHIOXRURSKRUHVRUTXHQFKLQJRI
WKHG\HV 7KHGHSHQGHQFHRI WKH IOXRUHVFHQFH OLIHWLPHVRQ WUDQVIHUHIILFLHQFLHVGHWHUPLQHG
IRUHDFKEXUVW)LJ6ZDVFRPSDUHGZLWK WKHEHKDYLRUH[SHFWHGIRUIL[HGGLVWDQFHVDQGIRUD
FKDLQVDPSOLQJDEURDGGLVWULEXWLRQRIGLVWDQFHV)RUDIL[HGGLVWDQFHrWKHPHDQGRQRUOLIHWLPH
LQWKHSUHVHQFHRIDFFHSWRULVJLYHQE\ĲDAr  ĲD ErZKHUHĲDLVWKHOLIHWLPHLQWKHDEVHQFH
RIDFFHSWRUDQGEr /+r/R)RUDFKDLQZLWKDG\HWRG\HGLVWDQFHGLVWULEXWLRQPrWKH
GRQRU OLIHWLPH LV
 
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IOXRUHVFHQFH HPLVVLRQ LQWHQVLW\ IROORZLQJ GRQRU H[FLWDWLRQ 'RQRU DQG DFFHSWRU OLIHWLPHV DW
GLIIHUHQWFRQFHQWUDWLRQVRIFURZGLQJDJHQWVZHUHDQDO\]HGE\ILWWLQJVXESRSXODWLRQVSHFLILFWLPH
FRUUHODWHG SKRWRQ FRXQWLQJ KLVWRJUDPV DIWHU GRQRU DQG DFFHSWRU H[FLWDWLRQ UHVSHFWLYHO\  7KLV
DOORZV XV WR DOVR H[DPLQH WKH GHSHQGHQFH RI GRQRU DQG DFFHSWRU OLIHWLPHV RQ WKH VROXWLRQ
FRQGLWLRQV $ V\VWHPDWLF GHFUHDVH RI ERWK GRQRU DQG DFFHSWRU OLIHWLPHV RI XS WR  ZDV
REVHUYHG ZLWK LQFUHDVLQJ FRQFHQWUDWLRQV RI FURZGLQJ DJHQWV 7KHVH OLIHWLPH FKDQJHV DUH
FRQVLVWHQWZLWKWKHFKDQJHVH[SHFWHGDFFRUGLQJWRWKH6WULFNOHU%HUJHTXDWLRQIRUVROXWLRQV
ZLWK GLIIHUHQW UHIUDFWLYH LQGLFHV 6LQFH WKH FKDQJHV LQ GRQRU DQG DFFHSWRU OLIHWLPHV DUH YHU\
VLPLODUWKHFRQWULEXWLRQRIWKLVHIIHFWWRWKHREVHUYHGWUDQVIHUHIILFLHQFLHVFDQFHOV7KHYDULDWLRQ
RIWKHGRQRUOLIHWLPHDOVRKDVQRVLJQLILFDQWLPSDFWRQR0VLQFHWKHGRQRUTXDQWXP\LHOGHQWHUV
LQWRWKHFDOFXODWLRQRIR0ZLWKWKHSRZHURIUHVXOWLQJ LQDPD[LPXPFKDQJHLQR0RIDERXW
OHVVWKDQWKHVWDWLVWLFDOH[SHULPHQWDOXQFHUWDLQW\
6XESRSXODWLRQVSHFLILF DQLVRWURSLHV ZHUH GHWHUPLQHG IRU ERWK GRQRU DQG DFFHSWRU DQG
YDOXHVZHUHIRXQGWRYDU\EHWZHHQDQGIRUWKHGRQRUDQGEHWZHHQDQGIRUWKH
DFFHSWRU FRQVLVWHQW ZLWK YDOXHV REVHUYHG LQ HQVHPEOH PHDVXUHPHQWV DQG VXIILFLHQWO\ ORZ WR
DVVXPHDVDJRRGDSSUR[LPDWLRQIRUWKHRULHQWDWLRQDOIDFWRUț 

Quantifying the radius of gyration from transfer efficiencies. (VVHQWLDOO\ DV GHVFULEHG
SUHYLRXVO\)5(7HIILFLHQFLHVDUHFRQYHUWHGWRUDGLLRIJ\UDWLRQDFFRUGLQJWR

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ZKHUH lc LV WKHFRQWRXU OHQJWKDQGRF LV WKH UDGLXVRI WKHVSKHUHZLWKYROXPHHTXLYDOHQW WR WKH
VXP RI WKH YROXPHV iaaV  RI DOO WKH DPLQR DFLGV

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§ · ¨ ¸© ¹¦ :H XVH WKH FRQGLWLRQDO
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ZKHUH

gR LVWKHURRWPHDQVTXDUHGUDGLXVRIJ\UDWLRQRIWKHFKDLQDQGZLVWKHQRUPDOL]DWLRQ
WHUP ,Q FRQWUDVW WR SUHYLRXVZRUNVZH GR QRW DSSO\ FRUUHFWLRQV WR WKH)ORU\)LVN GLVWULEXWLRQ
LQWURGXFHG E\ 6DQFKH] WKHRU\    VLQFH WKH DSSOLHG ZHLJKWLQJ SURSRVHG E\ 6DQFKH]
ZRXOGEHYDOLGRQO\IRUWKHPHDVXUHPHQWVLQDEVHQFHRIFURZGHUVDQGZRXOGEHLQFRQVLVWHQWZLWK
WKHRWKHUH[SHULPHQWDOFRQGLWLRQVFRQVLGHUHGKHUHVHHScaled-particle theoryVHFWLRQ+RZHYHU
XVLQJWKH6DQFKH]GLVWULEXWLRQZRXOGUHVXOWRQO\LQDV\VWHPDWLFVKLIWRIDOOUDGLLRIJ\UDWLRQE\
DSSUR[LPDWHO\QPZKLFKGRHVQRWDIIHFWDQ\FRQFOXVLRQVRIWKLVZRUN

Scaled-particle theory (SPT).)ROORZLQJ WKH DSSURDFK SURSRVHG E\0LQWRQ  WKH HIIHFW RI
PDFURPROHFXODU FURZGLQJRQ WKHXQIROGHG VWDWH FDQEHTXDQWLILHGE\ZHLJKWLQJ WKHSUREDELOLW\
GHQVLW\ IXQFWLRQRI WKH UDGLXVRI J\UDWLRQRI WKHGLVRUGHUHG HQVHPEOH  gRP  DFFRUGLQJ WR WKH
FKHPLFDOSRWHQWLDO   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7KHVLPSOHVWFKRLFHIRU  gRP LVWKH)ORU\)LVNGLVWULEXWLRQ(T6ZKHUH

gR LVVXEVWLWXWHG
E\WKHURRWPHDQVTXDUHGUDGLXVRIJ\UDWLRQRIWKHFKDLQLQDEVHQFHRIFURZGLQJDJHQWV

gR 
,IZH DVVXPH WKDW ERWK WKH XQIROGHG SURWHLQ DQG WKH FURZGLQJ DJHQW FDQ EHGHVFULEHG DV ULJLG
VSKHUHV DV LQ WKH FODVVLF 637 WKH H[FHVV FKHPLFDO SRWHQWLDO RI WKH ,'3 LQ WKH SUHVHQFH RI
FURZGLQJFDQEHZULWWHQDV

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ZKHUH gcrd
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I LVWKHYROXPHIUDFWLRQRIFURZGLQJDJHQWLQVROXWLRQDQG crdgR WKHUDGLXVRI
J\UDWLRQRIWKHFURZGHU&RQVHTXHQWO\DQLQFUHDVHLQI RU gR OHDGWRDQLQFUHDVHLQWKHH[FHVV
FKHPLFDOSRWHQWLDOZKHUHDVDQLQFUHDVHLQ crdgR FDXVHVDGHFUHDVHLQWKHH[FHVVFKHPLFDOSRWHQWLDO
'DWDUHSRUWHGLQ)LJHDUHILWWHGJOREDOO\WR(TV6DQG6ZLWKDGLIIHUHQW

gR IRUHDFK
,'3DQGDVLQJOHHIIHFWLYH crdgR DVDQDGMXVWDEOHSDUDPHWHUVKDUHGE\DOOIRXUSURWHLQV)LJ6
$PRGLILFDWLRQRIWKHFODVVLF637VXJJHVWHGE\0LQWRQDOORZVWKHSRO\PHULFQDWXUH
RI WKH ,'3 WR EH WDNHQ LQWR DFFRXQW ZLWKLQ WKH 637 IUDPHZRUN +HUH WKH XQIROGHG VWDWH LV
UHSUHVHQWHGDVD*DXVVLDQFORXGZKHUHWKHDYHUDJHQXPEHUGHQVLW\RIUHVLGXHVFDQEHGHVFULEHG
DVDIXQFWLRQRIWKHGLVWDQFHIURPWKHFHQWHURIWKHPDVVRIWKHSURWHLQ pr DV
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)RU D V\VWHP FRQVLVWLQJ RI WKH SURWHLQ DQG D VLQJOH VSKHUH LQ VROXWLRQ pr  FDQ EH H[SUHVVHG LQ
WHUPVRIWKHGLVWDQFHEHWZHHQWKHFHQWHUVRIPDVVRIWKHWZRREMHFWV sepr DQGWKHUDGLXVRIWKH
VSKHUHZKLFKLQWKLVFDVHLVWKHUDGLXVRIWKHFURZGLQJDJHQW crdgR VHH)LJ67KHSUREDELOLW\
P WKDWQRFKDLQVHJPHQWVRIWKH,'3OLHZLWKLQWKHYROXPHRIDQDUELWUDULO\SODFHGKDUGVSKHUHLV
FDOFXODWHGDVDIXQFWLRQRI gR RIWKH,'3
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5HVFDOLQJDOOGLVWDQFHVUHODWLYHWRWKHVL]HRIWKHFURZGLQJDJHQW
crd
gR \LHOGV

 crdsep sep gr f R     (T6
crd
g g gR f R      (T6
 crdgr xR      (T6

 P FDQEHZULWWHQLQWHUPVRIWKHUHVFDOHGGLPHQVLRQVDV

 
 
 
 
 
ORJ VLQK
sep
g g
f x
f f sep
g sep g
f xnP e e xdx
f f fS
 § · ¨ ¸© ¹ ³   (T6
Chapter 2
37


%\HTXDWLQJWKHFRYROXPHRIWKH*DXVVLDQFORXGDQGWKHFURZGLQJDJHQWZLWKWKHFRYROXPHRI
WZR KDUG VSKHUHV DQ HTXLYDOHQW HIIHFWLYH KDUGVSKHUH UDGLXV effgR  LV REWDLQHG IRU HDFK gR 
VDPSOHGE\WKH,'3OHDGLQJWR

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
Further extensions of SPT. ,Q HIIRUWV WR JR EH\RQG WKH VLPSOH GHVFULSWLRQ RI D IOXLG RI KDUG
VSKHUHV GLIIHUHQW H[WHQVLRQV RI WKH 637 KDYH EHHQ LPSOHPHQWHG 637 HTXDWLRQV KDYH EHHQ
UHYLVHGWRDFFRXQWIRUHOOLSVRLGDOF\OLQGULFDODQGLQILQLWHURGOLNHSDUWLFOHV1RQHRI
WKHVH FRUUHFWLRQV IRU GLIIHUHQW VKDSHV FDQ DFFRXQW IRU WKH WUHQGV REVHUYHG LQ RXU H[SHULPHQWDO
UHVXOWV0RUHUHFHQWO\4LQDQG=KRXKDYHDSSURDFKHGWKHSUREOHPRIFURZGLQJRQ,'3VE\
FDOFXODWLQJWKHFRYROXPHRQWKHEDVLVRIH[SOLFLWVLPXODWLRQVRIWKHGLVRUGHUHGSURWHLQDQGRIWKH
FURZGLQJ DJHQW LQ LVRODWLRQ (YHQ WKRXJK WKLV SRVWSURFHVVLQJ DSSURDFK FDSWXUHV WKH HIIHFWV
LQGXFHG E\ FRPSDFW FURZGHUV RQ GLVRUGHUHG SURWHLQV LQ WKHLU VLPXODWLRQV DQ H[WHQVLRQ RI WKLV
PHWKRG WR SRO\PHULF H[SDQGHG FURZGHUV DV WKRVH XVHG LQ RXU H[SHULPHQWV KDV QRW \HW EHHQ
LPSOHPHQWHG&RPSOLFDWLRQVLQDSSO\LQJWKLVDSSURDFKFRPHIURPWKHGLIILFXOW\RIFDOFXODWLQJWKH
FRUUHFWFRYROXPHEHWZHHQWZRGLVRUGHUHGV\VWHPVDVZHOODVWDNLQJLQWRDFFRXQWWKHFKDQJHLQ
YROXPH RI WKH SRO\PHULF FURZGHU DW KLJK FRQFHQWUDWLRQV VHH WKH GLVFXVVLRQ DERXW VHPLGLOXWH
UHJLPHLQWKHVHFWLRQFlory-Huggins theories
7R DFFRXQW IRU LQWHUDFWLRQV EHWZHHQ WKH FURZGHUV DQG WKH SURWHLQ  DWWUDFWLYH IUHH
HQHUJ\WHUPVKDYHEHHQLQFOXGHGLQ637ZKLFKUHVXOWHGLQWKHVXFFHVVIXOGHVFULSWLRQRI
VLPXODWHG GDWD  $ VLPLODU DSSURDFK FDQ EH LPSOHPHQWHG KHUH E\ DGGLQJ DQ DWWUDFWLYH
LQWHUDFWLRQ EHWZHHQ ,'3 DQG FURZGHU LQ (T 6 +RZHYHU HYHQ ZLWK WKH IXQFWLRQDO IRUP
VXJJHVWHG E\ .LP 	 0LWWDO  WKH HQHUJ\ SDUDPHWHU ZRXOG QHHG WR EH GLIIHUHQW IRU HDFK
SRO\PHUOHQJWKDQGSRVVLEO\IRUGLIIHUHQWFRQFHQWUDWLRQVWRREWDLQDTXDQWLWDWLYHILWRIRXUGDWD

Flory-Huggins theories. $VLQJOHSRO\PHUFKDLQ LQJRRGVROYHQWDGRSWVVZROOHQFRQIRUPDWLRQV
DQGIROORZVDVFDOLQJH[SRQHQWRILH crdgR ~ P3/5ZKHUHPLVWKHQXPEHURI.XKQVHJPHQWVRI
WKH SRO\PHU 7KUHH GLIIHUHQW FRQFHQWUDWLRQ UHJLPHV QHHG WR EH GLVWLQJXLVKHG IRU D SRO\PHU LQ
VROXWLRQ WKHGLOXWHUHJLPHZKHUH WKHSRO\PHUFKDLQVDUHQRWRYHUODSSLQJDVHPLGLOXWHUHJLPH
ZKHUHWKHFKDLQVVWDUWWRRYHUODSDQGHQWDQJOHDQGDGHQVHUHJLPHZKHUHWKHFKDLQVDUHKLJKO\
SDFNHG)LJ6LQVHW I LVWKHRYHUODSFRQFHQWUDWLRQZKLFKVHSDUDWHVWKHVHPLGLOXWHIURPWKH
GLOXWHUHJLPH I FDQEHGHILQHGDVWKHFRQFHQWUDWLRQRISRO\PHUZKHUHWKHYROXPHIUDFWLRQRIWKH
SRO\PHUFKDLQVLQVROXWLRQLVHTXDOWRWKHYROXPHIUDFWLRQRIDVLQJOHSRO\PHUFKDLQLH

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
)ORU\DUJXHGWKDWLQFRQFHQWUDWHGVROXWLRQVDQGPHOWVWKHSRO\PHUVH[KLELWWKHOHQJWKVFDOLQJRI
DQ LGHDOFKDLQR ~ P1/2 /HWXVFRQVLGHU WKHFDVHRIRQHORQJFKDLQZLWKNVHJPHQWVWKH
,'3 LQ D SRO\PHU PHOW RI VKRUWHU FKDLQV ZLWKP VHJPHQWV WKH FURZGHU )RU VLPSOLFLW\ WKH
VHJPHQW OHQJWKb LV DVVXPHG WREHHTXDO IRU1FKDLQ DQG3FKDLQV%\HTXDWLQJ WKHFKHPLFDO
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SRWHQWLDOV RI FURZGHUV LQVLGH DQG RXWVLGH WKH YROXPH SHUYDGHG E\ WKH ORQJ FKDLQ D UHODWLRQ
EHWZHHQ WKHHQGWRHQGGLVWDQFHRRI WKH ORQJ1FKDLQDQG WKHQXPEHURIVHJPHQWVRI WKH3
FKDLQVFDQEHREWDLQHG
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,IPNWKHWKLUGWHUPLQWKHHTXDWLRQFDQEHQHJOHFWHGDQGWKHVL]HRIWKHORQJFKDLQFDQEH
GHVFULEHGE\WKHHTXDWLRQ

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
,QWKHFDVHRIODUJHPWKHVHFRQGWHUPLQ(T6FDQEHQHJOHFWHGDQGLGHDOVFDOLQJLVUHFRYHUHG

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(T6

7KH FURVVRYHU EHWZHHQ VPDOO DQG ODUJHP LV GHWHUPLQHG E\ HTXDWLQJ(TV 6 DQG6ZKLFK
UHVXOWVLQWKHWKUHVKROGJLYHQE\WKH)ORU\FULWHULRQP N

,QRXUH[SHULPHQWVZHLQYHVWLJDWHDWHUQDU\V\VWHPFRPSRVHGRI
 LQGLYLGXDOWHVWFKDLQVZLWKN VHJPHQWVWKH,'3
 DYROXPHIUDFWLRQ׋,RISRO\PHUFKDLQVZLWKP VHJPHQWVWKHFURZGLQJDJHQW 
 DQGWKHVROYHQW
6LPLODUWRWKHFDVHRIWKHSRO\PHUPHOWLWLVSRVVLEOHWRGHVFULEHWKHLQWHUDFWLRQEHWZHHQWKH
ORQJFKDLQWKH,'3DQGWKHRWKHUSRO\PHUVWKHFURZGLQJDJHQWLQWHUPVRIDQHIIHFWLYHPHGLXP
LQWHUDFWLRQSDUDPHWHU7KLVWHUPLVREWDLQHGLQWKHPHDQILHOGDSSURDFKRI-RDQQ\HWDOE\
HTXDWLQJWKHFKHPLFDOSRWHQWLDOVRIWKHVKRUWFKDLQVFURZGHUVLQVLGHDQGRXWVLGHWKHORQJFKDLQ
,'37KHHIIHFWLYHPHGLXPLQWHUDFWLRQSDUDPHWHULVWKHQJLYHQE\

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
7RVWXG\WKHHIIHFWVRIWKHFURZGHUFRQFHQWUDWLRQRQWKHVL]HRIWKH,'3LWLVKHOSIXOWRWUHDWWKH
,'3DVDVHTXHQFHRIEOREVRIVL]HRP,QGLOXWHVROXWLRQRQOHQJWKVFDOHVVPDOOHUWKDQRPWKHN
FKDLQ EHKDYHV LQ WKH VDPHZD\ DV WKHPFKDLQVZKHUHDV RQ OHQJWK VFDOHV JUHDWHU WKDQRP WKH
WHUQDU\SURSHUWLHVRIWKHV\VWHPEHFRPHUHOHYDQW,QWKHODWWHUFDVHWKHORQJFKDLQIRUPHGE\NP
EOREVH[SHULHQFHVWKHHIIHFWLYHPHGLXPLQWHUDFWLRQWKDWLQUHVFDOHGXQLWVLV

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
)RUDFKDLQLQJRRGVROYHQWWKHUDGLXVRIJ\UDWLRQLV
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
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
7KHHTXDWLRQFDQEHIXUWKHUH[WHQGHGWRWKHVHPLGLOXWHUHJLPH+RZHYHUVLQFHWKLVWKHRU\LV
RQO\YDOLG IRU WKHFDVHRID ORQJFKDLQ LQD VROXWLRQRI VKRUWHUFKDLQV WKLV UHJLPHZLOORQO\EH
DSSURDFKHGPDUJLQDOO\LQRXUH[SHULPHQWV
)RU WKHGDWDDQDO\VLVSUHVHQWHG LQ)LJVDQGZHPRGLILHG(T6E\ LQWURGXFLQJD
ILWWLQJSDUDPHWHUaVLPLODUWRWKHHIIHFWLYHLQWHUDFWLRQWHUPSURSRVHGE\1RVH
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
$OORWKHUSDUDPHWHUVDUHQRWDGMXVWDEOHILVJLYHQE\(T6DQGRg0 LVREWDLQHGIURPWKHUDGLXV
RI J\UDWLRQ RI HDFK SURWHLQ LQ WKH DEVHQFH RI FURZGLQJ a FRUUHVSRQGV WR D FRUUHFWLRQ RI WKH
HIIHFWLYHPHGLXPLQWHUDFWLRQWHUPLQ(T6ZKLFKLVFDOFXODWHGIRUDYHU\ORQJFKDLQLQDEDWK
RI VKRUWHU FKDLQVZKHUH WKH ORQJ FKDLQ LV LQ JRRG VROYHQW DQG DVVXPHG WR EH ODUJH HQRXJK WR
DFFRPPRGDWHWKHVPDOOFKDLQV)LJ67KHGHJUHHRIH[SDQVLRQRIWKH,'3VLQYHVWLJDWHGKHUH
GHSHQGV RQ WKHLU VSHFLILF VHTXHQFH  UHVXOWLQJ LQ GLIIHUHQFHV LQ WKH LQWHUDFWLRQ WHUP 7KH
YDOXHVRIaREWDLQHGIURPWKHILWVUHIOHFW WKHH[SHFWHG WUHQGDQGH[KLELWDQ LQFUHDVLQJGHYLDWLRQ
IURPa ZLWKLQFUHDVLQJFRPSDFWQHVVRIWKHSURWHLQ7DEOH6
 ([WHQGLQJWKHFODVVLFDO)ORU\+XJJLQVWKHRU\ WR WKHFDVHRI P N!  UHTXLUHVDUHDOLVWLF
HVWLPDWH RI WKH GHQVLW\ IOXFWXDWLRQV LQ WKH VROXWLRQ ZKHQ WKH VROXWLRQ LV QR ORQJHU GLOXWH $
FRUUHVSRQGLQJ TXDQWLWDWLYH GHVFULSWLRQ LV SURYLGHG E\ WKH UHQRUPDOL]HG )ORU\+XJJLQV WKHRU\
GHULYHG E\ 6FKlIHU DQG .DSSHOHU  5HQRUPDOL]DWLRQ JURXS WKHRU\ HVWDEOLVKHV HTXLYDOHQFH
EHWZHHQPLFURVFRSLFDOO\GLIIHUHQWV\VWHPVWKURXJKVFDOLQJODZV,QGRLQJVRLWDOORZVWRPDSD
V\VWHP RI ORQJ FKDLQV ZKHUH FRPPRQ SHUWXUEDWLRQ WKHRULHV EUHDN GRZQ RQWR D V\VWHP RI
HIIHFWLYHO\VKRUWFKDLQVZKHUHSHUWXUEDWLRQWKHRULHVKROG
+HUHZHLQWURGXFHDOHQJWK l ZKLFKGHILQHVDVRUWRIODWWLFHXQLWIRUWKHV\VWHPDQGZLOO
EHXVHGWRGHVFULEHERWKWKHNFKDLQWKH,'3DQGWKHPFKDLQVWKHFURZGLQJDJHQW)ROORZLQJ
WKHWUHDWPHQWRI6FKlIHUZHVHW l HTXDOWRWKHOHQJWKRIWKH.XKQVHJPHQWRIWKHNFKDLQ+HUH
ZHDGRSWHGWKHVDPH l IRUDOOIRXUSURWHLQVDFFRUGLQJWRWKHYDOXHREWDLQHGIRU3UR7D$OOWKH
RWKHUFKHPLFDOGLIIHUHQFHVLQVWUXFWXUHDQGIOH[LELOLW\EHWZHHQWKHWZRFKDLQVZLOOEHDEVRUEHGLQ
VSHFLILFSDUDPHWHUV7KHUHQRUPDOL]DWLRQLVWKHQLQWURGXFHGYLDDUHQRUPDOL]HGOHQJWK  Rl l O 
ZKHUH O    6LPLODUO\ WKH QXPEHU RI VHJPHQWV RI HDFK FKDLQ DQG WKH YROXPH IUDFWLRQ DUH
UHVFDOHGDVDIXQFWLRQRIWKHVDPHOSDUDPHWHU

 RN N Oo      (T6D
 RP P Oo      (T6E
 RI I Oo      (T6F

7KHFRQQHFWLRQEHWZHHQWKHPLFURVFRSLFLQIRUPDWLRQDQGWKHUHQRUPDOL]HGSDUDPHWHULVJLYHQE\

Chapter 2
40


     
 
 Ö Ö  PN N
R N
BuB l N u B l N N
N B
I I  
§ ·§ ·¨ ¸   ¨ ¸¨ ¸© ¹¨ ¸© ¹
  (T6

ZKHUH Ö u   LVDSDUDPHWHUFRQQHFWHGWRWKHRYHUODSSUREDELOLW\RIFKDLQVLQWKHVHPLGLOXWH
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XQLIRUPH[SDQVLRQPRGHO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WHUPVRI
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7KH WHUP NPf  LV REWDLQHG XQGHU WKH DVVXPSWLRQ WKDW LQWHUDFWLRQV EHWZHHQN DQGPFKDLQV DUH
VPDOOOHDGLQJWRWKHHTXDWLRQ

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lf s
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ZKHUH NPs LVDQLQYDULDQWSDUDPHWHU
ZLWKWKHGLPHQVLRQVRIDOHQJWKWKDWTXDQWLILHVWKHLQWHUDFWLRQVEHWZHHQWKHNDQGPFKDLQV NPf 
FDQ EH FRQQHFWHG WR WKH )ORU\ LQWHUDFWLRQ SDUDPHWHU F  WKURXJK WKH HTXDWLRQ  NPfF   
+RZHYHU WKH SDUDPHWHU NPs  LV SUHIHUUHG WR F VLQFH WKH ODWWHU LV QRW LQYDULDQW LQ WKH
UHQRUPDOL]DWLRQIORZ
1RWHWKDWLQWKHJOREDOILWRIWKHUDGLLRIJ\UDWLRQDVDIXQFWLRQRIYROXPHIUDFWLRQRI3(*
IRUDOO ,'3V )LJZLWK WKH UHQRUPDOL]HG)ORU\+XJJLQV WKHRU\ )LJ6 WKHRQO\DGMXVWDEOH
SDUDPHWHULVsNPZKLFKLVWDNHQWREHLGHQWLFDOIRUDOO3(*VL]HVEXWDOORZHGWRYDU\IURPSURWHLQ
WRSURWHLQ7DEOH6BNDQGBPDUHZHOOGHILQHGE\H[SHULPHQWDOREVHUYDEOHVBN LVFDOFXODWHG
IURPWKHUDGLXVRIJ\UDWLRQPHDVXUHGIRUHDFKSURWHLQLQWKHDEVHQFHRIFURZGLQJDQGBPIURPWKH
UHSRUWHGYDOXHVRIWKHUDGLLRIJ\UDWLRQIRU3(*VHH)LJ6DQGPEG scaling law,IsNPLVFORVH
WR ]HUR SURWHLQ DQG FURZGLQJ DJHQW DUH LQGLVWLQJXLVKDEOH LQ WHUPV RI LQWHU DQG LQWUDPROHFXODU
LQWHUDFWLRQV,Q)LJ6DWKHUREXVWQHVVRIWKHIXQFWLRQDOIRUPRIWKHILWWLQJIXQFWLRQDWGLIIHUHQW
YDOXHVRIWKHILWWLQJSDUDPHWHUsNPLVLOOXVWUDWHG
sNPSURYLGHVDQHZRSSRUWXQLW\WRTXDQWLI\WKHLQWHUDFWLRQVEHWZHHQSURWHLQDQGFURZGHU
EH\RQG VLPSOH H[FOXGHGYROXPH HIIHFWV VRPHWLPHV UHIHUUHG WR DV ³FKHPLFDO LQWHUDFWLRQV´7KH
WZRYDULDQWVRI3UR7DDUHZHOOILWWHGZLWKDOPRVWLGHQWLFDOYDOXHVRIsNP VHH7DEOH6ZKHUHDV
VOLJKWO\ GLIIHUHQW YDOXHV ZHUH REWDLQHG IRU $&75 DQG ,1 LQGLFDWLQJ VPDOO YDULDWLRQV LQ WKH
             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R
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LQWHUDFWLRQVEHWZHHQ3(*DQGSURWHLQV7KHYDOXHVREWDLQHGDUHRIWKHVDPHRUGHURIPDJQLWXGH
DV WKRVHSUHYLRXVO\UHSRUWHGLQ WKH OLWHUDWXUHIRU WHUQDU\VROXWLRQVRIV\QWKHWLFSRO\PHUV$
FRQYHUVLRQRIsNP WR WKHPRUHLQWXLWLYHSDUDPHWHUF\LHOGVUHSXOVLYH LQWHUDFWLRQVLQ WKHUDQJHRI
k%T SHUVHJPHQWEHWZHHQ3(*DQG3UR7DRU$&75,QWHUHVWLQJO\ WKHILWWHGYDOXHVIRU
WKH H[SHULPHQWV ZLWK 3UR7Į DQG RWKHU SRO\PHUV VHH 7DEOH 6 VXJJHVW ORZHU RU HYHQ
XQGHWHFWDEOHFKHPLFDOLQWHUDFWLRQVEHWZHHQWKHSURWHLQDQGWKHSRO\PHUV7KHFRQWULEXWLRQWRWKH
RYHUDOO HIIHFWV REVHUYHG KHUH LV VPDOO )LJ 6 EXW WKLV WUHQG LV FRQVLVWHQW ZLWK SUHYLRXV
VXJJHVWLRQV WKDW3(*PD\EH OHVV LQHUW WKDQ RWKHU SRO\PHUV FRPPRQO\ HPSOR\HG LQ FURZGLQJ
H[SHULPHQWV2QHRIWKHVWUHQJWKVRIWKHDSSURDFKSUHVHQWHGKHUHLVWKHSRVVLELOLW\WRPRGHOD
FRPSOH[SRO\PHULFVROXWLRQLQFOXGLQJVXFKUHSXOVLYHRUDWWUDFWLYHLQWHUDFWLRQV
,Q WKH DSSOLFDWLRQRI WKH)ORU\+XJJLQV WKHRULHVZHKDYH DSSUR[LPDWHG WKH OHQJWK RI D
.XKQVHJPHQWE\QPIRUERWKSURWHLQDQG3(*DFFRUGLQJWRSUHYLRXVO\UHSRUWHGSHUVLVWHQFH
OHQJWKVZKLFKLVHTXLYDOHQWWRWZRERQGVHJPHQWV&RQVHTXHQWO\WKHQXPEHURI.XKQ
VHJPHQWV RI WKHN DQGPFKDLQV LV JLYHQE\ KDOI WKH GHJUHH RI SRO\PHUL]DWLRQ ,Q WKH FDVH RI
3(* WKH FRQFHQWUDWLRQ LQ ZHLJKW IUDFWLRQ ZDV FRQYHUWHG WR YROXPH IUDFWLRQ DFFRUGLQJ WR
       v v w w w w w wI I U I I   ZKHUH JFPU  LVDQDYHUDJHGHQVLW\ IRUSXUHVROXWLRQVRI
VKRUW 3(*V 7KLV DSSURDFK LV MXVWLILHG VLQFH QR VLJQLILFDQW YROXPH FRQWUDFWLRQ LV UHSRUWHG IRU
VROXWLRQVZLWKWKH3(*FRQFHQWUDWLRQVXVHGKHUH)RUWKHRWKHUFURZGLQJDJHQWVZKHUHVSHFLILF
GHQVLWLHV LQ VROXWLRQ ZHUH QRW UHSRUWHG D GLUHFW FRUUHVSRQGHQFH EHWZHHQ YROXPH DQG ZHLJKW
IUDFWLRQEDVHGRQWKHGHQVLWLHVRIWKHSXUHVXEVWDQFHVZDVDVVXPHG

PEG scaling law.$FFRUGLQJWR'HYDQDQGet al. ZDWHU LVDJRRGVROYHQWIRU3(*)LJ6
VKRZVWKHVFDOLQJODZREWDLQHGLQIRUORQJ3(*VZLWKWKHUDGLLRIJ\UDWLRQRI3(*VXVHGLQ
WKHFXUUHQWVWXG\7KHUDGLLRIJ\UDWLRQRI3(*VDUHWDNHQIURP,QFDVHVZKHUHRQO\WKH
K\GURG\QDPLFUDGLXVZDVGHWHUPLQHGH[SHULPHQWDOO\DFRQYHUVLRQEHWZHHQK\GURG\QDPLFUDGLXV
DQG UDGLXVRIJ\UDWLRQZDVDSSOLHGDFFRUGLQJ WR WKH UDWLRGHWHUPLQHGH[SHULPHQWDOO\ LQ $
GHYLDWLRQ IURP WKH SUHGLFWHG VFDOLQJ EHKDYLRU  LV YLVLEOH IRU VKRUW 3(*V IRU ZKLFK ILQLWH
OHQJWKHIIHFWVVWDUWWRGRPLQDWH

Estimation of the radius of gyration of IDPs at the 4-state.$QHVWLPDWHRIWKHUDGLXVRIJ\UDWLRQ
IRU WKH IRXUSURWHLQV LQ4VWDWH FRQGLWLRQV LVREWDLQHGDFFRUGLQJ WR WKHSUHYLRXVDQDO\VLVRI WKH
VFDOLQJH[SRQHQWRIGLVRUGHUHGDQGXQIROGHGVHTXHQFHVSUHVHQWHGE\+RIPDQQet alZKHUH
WKHUDGLXVRIJ\UDWLRQLVOLQNHGWRWKHVFDOLQJH[SRQHQWE\

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
ZKHUH pl  QPb QPQ  DQGN LV WKHQXPEHURIDPLQRDFLGVRI WKHUHVSHFWLYH
SURWHLQ7KHUHVXOWLQJUDGLLRIJ\UDWLRQLQ4VROYHQWDUHDERXWQPIRU,1QPIRU3UR7D&
DQG3UR7D1DQGQPIRU$&75

Estimation of scaling exponents of IDPs. )ROORZLQJ WKH HPSLULFDO UHODWLRQ IRU WKH VFDOLQJ
H[SRQHQWDVDIXQFWLRQRIWKHK\GURSKRELFLW\DQGQHWFKDUJHRIXQIROGHGDQGGLVRUGHUHGSURWHLQV
REWDLQHG SUHYLRXVO\  ZH HVWLPDWHG WKH VFDOLQJ H[SRQHQW IRU DOO IXOOOHQJWK GLVRUGHUHG
VHTXHQFHV ORQJHU WKDQ  DPLQR DFLGV GHSRVLWHG LQ WKH 'LVSURW GDWDEDVH Y 7KH
H[SRQHQWvLVFDOFXODWHGDFFRUGLQJWR

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ZKHUHH LVWKHK\GURSKRELFLW\DFFRUGLQJWRWKHVFDOHRI.\WHDQG'RROLWWOHQ LVWKHPHDQ
QHWFKDUJHRIWKHVHTXHQFHa  z x0 c DQGd 
7KHH[SRQHQWLVGHWHUPLQHGDFFRUGLQJWR

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ZKHUHfDQGgDUHWKHIUDFWLRQVRISRVLWLYHDQGQHJDWLYHFKDUJHVLQWKHVHTXHQFHUHVSHFWLYHO\DQG
uLVFDOFXODWHGDFFRUGLQJSRO\DPSKRO\WHWKHRU\DV

  

     b bl f g l f gu S SN N
       (T6

ZKHUH lbLVWKH%MHUUXPOHQJWKDQGNLVWKH'HE\HOHQJWK
:H QRWH WKDW D KLJKHU SHUFHQWDJH RI JOREXOHOLNH ,'3V KDV EHHQ HVWLPDWHG IURP
VLPXODWLRQVIRUDGLIIHUHQWVXEVHWRIWKH'LVSURWGDWDEDVH+RZHYHUWDNLQJLQWRDFFRXQW
SRO\DPSKRO\WH HIIHFWV DQG SDWWHUQLQJ LW KDV EHHQ SUHGLFWHG WKDW WKH PDMRULW\ RI ,'3V ZLOO
PDLQWDLQ FRLOOLNH SURSHUWLHV  DQG FRQVHTXHQWO\ WKH\ VKRXOG EH VXVFHSWLEOH WR WKH HIIHFW RI
FURZGLQJGHVFULEHGKHUH
Physiological concentrations of IDPs in the nuclear pore complex and in RNA granules.$
QXFOHDU SRUH FRPSOH[ FRQWDLQV DSSUR[LPDWHO\  GLVRUGHUHG QXFOHRSRULQV FRQWDLQLQJ )*
UHSHDWV HDFK ZLWK D OHQJWK RI a DPLQR DFLGV   )URP WKH FKDLQ OHQJWK RI WKHVH
VHTXHQFHV WKH RYHUODS FRQFHQWUDWLRQV FDQ EH HVWLPDWHG WR EH LQ WKH UDQJH EHWZHHQ RI YROXPH
IUDFWLRQVEHWZHHQDQG$VVXPLQJWKHQXFOHDUSRUHWRKDYHDGLDPHWHURIQPDQGD
KHLJKWRIWRQPWKHYROXPHIUDFWLRQRFFXSLHGE\WKHGLVRUGHUHGQXFOHRSRULQV
LV HDVLO\ HVWLPDWHG DV DD
NP NPNP
NP
pore pore pore
n N vv
V r h
I S
    ZKHUH vNP LV WKH YROXPH RFFXSLHG E\ WKH
QXFOHRSRULQVVporeLVWKHYROXPHDYDLODEOHLQWKHSRUHnNPLVWKHQXPEHURIQXFOHRSRULQVNNPLV
WKH VHTXHQFH OHQJWK RI QXFOHRSRULQV ¢vaa² LV WKH DYHUDJH YROXPH RI WKH DPLQR DFLG UHVLGXHV
DSSUR[LPDWHO\QPrporeDQGhporeDUHUHVSHFWLYHO\WKHUDGLXVDQGWKHKHLJKWRIWKHSRUH
7KHYROXPHIUDFWLRQRFFXSLHGE\GLVRUGHUHGQXFOHRSRULQVLVWKHUHIRUHEHWZHHQDQGDERXW
DQRUGHURIPDJQLWXGHKLJKHU WKDQ WKHRYHUODSFRQFHQWUDWLRQ7KHHIIHFWVGLVFXVVHG LQ WKHPDLQ
WH[W DUH WKXV KLJKO\ OLNHO\ WR EH RI LPSRUWDQFH IRU WKH FRQIRUPDWLRQDO GLVWULEXWLRQV RI
QXFOHRSRULQVin vivo
9DULRXV,'3VKDYHEHHQLGHQWLILHGLQ51$JUDQXOHV5HFHQWZRUNKDVVKRZQ
WKDWWKHPXOWLYDOHQF\RIWKHVHSURWHLQVFDQFRQWUROSKDVHVHSDUDWLRQDQGWKHUHIRUHWKHDVVHPEO\RI
51$JUDQXOHV  (YHQ WKRXJK WKHPHFKDQLVP LV QRW IXOO\ XQGHUVWRRG DQG WKH SURWHLQV FDQ
XQGHUJR GLIIHUHQW FRQIRUPDWLRQDO FKDQJHV GXULQJ WKH SKDVHVHSDUDWLRQ SURFHVV WKHPHFKDQLVP
VXJJHVWHGE\/LHWDOFDQEHWDNHQDVDQH[DPSOHWRWHVWZKHWKHUWKHSRO\PHULFQDWXUHRIWKH
SURWHLQVLVH[SHFWHGWREHLPSRUWDQWLQWKDWUDQJHRIFRQFHQWUDWLRQV)RUWKHFDVHRIWKHHQJLQHHUHG
SUROLQHULFKPRWLYHV350WKHVHTXHQFHLVOLNHO\WREHDOPRVWFRPSOHWHO\GLVRUGHUHG7KH
PRODUFRQFHQWUDWLRQRIWKHSURWHLQDWZKLFKDJLYHQYROXPHLVRFFXSLHGHQWLUHO\E\WKRVH,'3VLV
JLYHQE\   aa Ac N v N  ZKHUHN LVWKHQXPEHURIDPLQRDFLGVRIWKHVHTXHQFHDQGNA LV
WKH$YRJDGURQXPEHU$FDOFXODWLRQ IRU WKHFDVHRI D VHTXHQFHZLWKDPLQRDFLGV DV WKRVH
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FRQVLGHUHG LQ WKHZRUN RI /L et al. (23) UHVXOW LQ D ORFDO SURWHLQ FRQFHQWUDWLRQ LQ WKH UDQJH RI
aP07KHFRUUHVSRQGLQJRYHUODSFRQFHQWUDWLRQ LVHVWLPDWHGWREHEHWZHHQYROXPHIUDFWLRQV
RI  DQG RU  DQG P0&RQVLGHULQJ WKDW WZR GLIIHUHQW SURWHLQV DUHPL[HG LQ VLPLODU
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3 Single-molecule spectroscopy of protein conformational 
dynamics in live eukaryotic cells 
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(Nature Methods, 2015) 
The author established the in-cell experiments, carried out the in-cell single-molecule 
FRET measurements and analyzed the data to obtain dimensions, translational 
diffusion times and chain reconfiguration times of the measured proteins. 
Chapter 3 
64 
 
 
 
ARTICLES
NATURE METHODS | VOL.12 NO.8 | AUGUST 2015 | 773
Single-molecule methods have become widely used for 
quantifying the conformational heterogeneity and structural 
dynamics of biomolecules in vitro. Their application in vivo, 
however, has remained challenging owing to shortcomings in 
the design and reproducible delivery of labeled molecules, 
the range of applicable analysis methods, and suboptimal 
cell culture conditions. By addressing these limitations in 
an integrated approach, we demonstrate the feasibility of 
probing protein dynamics from milliseconds down to the 
nanosecond regime in live eukaryotic cells with confocal 
single-molecule Förster resonance energy transfer (FRET) 
spectroscopy. We illustrate the versatility of the approach 
by determining the dimensions and submicrosecond chain 
dynamics of an intrinsically disordered protein; by detecting 
even subtle changes in the temperature dependence of 
protein stability, including in-cell cold denaturation; and 
by quantifying the folding dynamics of a small protein. The 
methodology opens possibilities for assessing the effect 
of the cellular environment on biomolecular conformation, 
dynamics and function.
Advances in methodology are making it gradually more feasible 
to investigate biomolecular processes in their native cellular envi-
ronment. The ultimate goal is to reach quantitative molecular 
understanding with the same rigor as in test-tube experiments. 
Owing to its sensitivity, fluorescence has become particularly 
popular—especially with the broad availability of fluorescent 
proteins1—for investigating cellular localization, biomolecular 
interactions2, and protein stability and folding dynamics3 in 
living cells. This sensitivity has enabled the use of single-molecule 
tracking4,5, intracellular fluorescence correlation spectros-
copy (FCS)6, and image correlation methods7 for investigating 
molecular diffusion and transport processes. Super-resolution 
methods now enable localization and dynamic imaging below 
the diffraction limit in live cells8,9. In prokaryotic cells, sub-
stantial progress has recently been reported for single-molecule 
detection in vivo, including the investigation of stochasticity in 
gene expression10 and the mechanisms of DNA replication11 and 
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repair12, for example, in combination with electroporation of 
labeled molecules13. The first single-molecule FRET experiments 
for detecting conformational changes of proteins in live eukaryo-
tic cells have also been reported14. However, in spite of these 
advances, the use of single-molecule spectroscopy for resolving 
the subnanometer conformational changes of biomolecules and 
especially the wide range of relevant timescales has remained 
challenging in vivo.
This challenge largely originates from the multifactorial 
requirements for successful in-cell single-molecule measure-
ments, such as (i) the cellular host system needs to be prepared 
in a fashion that minimizes autofluorescence; (ii) suitable 
excitation wavelengths and FRET dyes are needed that 
optimize molecular brightness of the sample compared to 
cellular background; (iii) the sample needs to be delivered 
into the cell in a targeted and reproducible fashion at the 
low concentrations suitable for single-molecule detection; 
(iv) measurements must follow sample delivery promptly enough 
to allow the dynamics of cellular targeting and localization 
to be followed and to avoid intracellular sample degradation; 
(v) intact cellular activity must be preserved and controlled 
for; (vi) both immobile and freely diffusing molecules should 
be detectable; and (vii) data analysis must make optimal use 
of the limited reservoir of molecules per cell to enable access 
to submillisecond timescales.
Here we show that with an integrated approach optimizing the 
points listed above, a surprisingly broad spectrum of confocal 
single-molecule FRET and nanosecond FCS methods that have 
previously been limited to in vitro experiments15–18 could be used 
in live eukaryotic cells. As a result, even small conformational 
changes of protein molecules and conformational dynamics down 
to the nanosecond range became accessible in in-cell experiments. 
To illustrate the potential of the methodology, we investigated, in 
live cells, (i) the conformational distributions and nanosecond 
dynamics of an intrinsically disordered protein (IDP); (ii) the 
changes in the temperature-dependent conformational stability of 
a protein, including its cold denaturation; and (iii) the millisecond 
kinetics of a protein-folding reaction.
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RESULTS
In-cell confocal single-molecule FRET spectroscopy
Among the main considerations for performing intracellular 
single-molecule spectroscopy are, one, the reduction of cellular 
autofluorescence to a level that does not interfere with single-
molecule detection and, two, the targeted application of labeled 
molecules into cells5,10,19. Autofluorescence in the visible 
wavelength range tends to decrease with increasing excitation 
wavelength20, and above ~520 nm, autofluorescence of many 
cell lines is already sufficiently low. We chose to work with 
recombinantly produced proteins labeled via thiol-maleimide 
chemistry with organic fluorophores—in this case, Atto 532 in 
combination with three different acceptors: Biotium CF680R, 
Atto 647N and Abberior Star 635 (Online Methods).
We chose microinjection2,5,14 for the targeted introduction of 
FRET-labeled proteins into cultured eukaryotic cells. Compared 
to transfection techniques such as scrape-loading21, electropo-
ration22 and cell-penetrating peptides23, microinjection offered 
the best control and reproducibility of the amount of protein 
applied; it enabled the shortest delay between protein application 
and measurement and is compatible with fluorescence detection 
directly after injection; it preserved cell adherence, which avoids 
problems with positional drift of the cells during measurements; 
and it creates the opportunity to inject molecules selectively 
into different cellular compartments. Microinjection enabled 
the reproducible introduction of sample concentrations in the 
picomolar to low nanomolar range, with cell viability extending 
far beyond the required observation times (Online Methods and 
Supplementary Fig. 1).
Measurements comprised the following iterative steps. First, we 
performed a reference measurement in the extracellular medium 
by placing the tip of the injection needle close to the confocal 
observation volume and ejecting several pulses of sample into free 
solution. Fluorescence bursts from molecules diffusing through 
the laser focus allowed us to confirm the integrity of the sam-
ple and functionality of the microinjection system. Analysis of 
these data permitted direct comparison of the conformational 
and dynamic properties of the labeled protein outside and inside 
a cell. In the next step, we injected a suitable amount of protein 
into a cell. The intracellular distribution of the labeled protein 
could then be monitored by a confocal sample scan (Fig. 1 and 
Supplementary Fig. 2). Because we used single-photon count-
ing in combination with pulsed excitation, fluorescence lifetime 
imaging microscopy24 (FLIM) could be employed to differentiate 
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Figure 1 | Single-molecule fluorescence  
measurements in living cells. (a) Schematic  
of confocal single-molecule FRET studies of 
fluorescently labeled prothymosin A (ProTA), 
yeast frataxin homolog Yfh1, and IgG-binding 
domain of protein G (GB1) microinjected into 
adherent HeLa cells. (b) Fluorescence lifetime 
image (overlaid with differential interference 
contrast image) of HeLa cells after cytosolic 
injection of ProTA (injected cells indicated 
by dashed lines); donor fluorescence of ProTA 
exhibits a higher average lifetime (~3.5 ns)  
than the cellular autofluorescence (<3 ns). Circles 
indicate positions of the confocal volume in  
the nucleus (red), cytosol (blue) and extracellular 
medium (black). Scale bar, 10 Mm. (c) Fluorescence 
time trace recorded in the cytosol of an injected 
cell. Photobleaching results in a characteristic 
intensity decay (1-s binning). With 1-ms binning, 
fluorescence bursts of donor (green) and  
acceptor (magenta) photons are visible. (d) Donor-
acceptor cross-correlation curves were used to 
compare the translational diffusion of ProTA in 
buffer (TDiff = 0.7 o 0.1 ms, n = 5), cytosol  
(TDiff = 1.8 o 0.7 ms, n = 33) and nucleus  
(TDiff = 1.6 o 0.6 ms, n = 29). (e) Single- 
cell FRET efficiency histograms of ProTA  
in the cytosol and nucleus show a  
single population at E® y 0.35, similar  
to measurements in buffer. The shaded  
peak at E® y 0 originates from molecules 
lacking an active acceptor chromophore 
(Supplementary Fig. 5). (f) nsFCS  
curves obtained from averaging 51  
cytosolic measurements yield information  
about the chain reconfiguration time of  
ProTA on the submicrosecond timescale  
(gDD, donor-donor correlation; gAD, acceptor-
donor correlation; gAA, acceptor-acceptor 
correlation).
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the emission of the injected sample from cellular autofluores-
cence (Fig. 1b), but imaging based on fluorescence intensity was 
adequate in most cases (Supplementary Fig. 3). We then acquired 
the actual single-molecule measurements by positioning the con-
focal volume at the cellular location of choice—for example, in 
the nucleus or the cytosol. If a fixed position was selected, pre-
dominantly freely diffusing molecules were observed; by slowly 
scanning across the region of interest, a defined volume could be 
probed (Supplementary Fig. 4) and potentially immobile mol-
ecules detected.
In contrast to measurements in vitro, the number of molecules 
available in microinjected cells is limited by the small cell volume. 
Measurements at the ~20–100 pM concentrations required for the 
confocal observation of single molecules were thus restricted to a 
few minutes before all molecules were photobleached. However, 
this time was sufficient for obtaining transfer efficiency histograms 
from single-cell measurements and, thus, assessing potential 
cell-to-cell variation of protein conformation (Fig. 1e). Compared 
to camera-based imaging approaches, whose strength is the 
parallel tracking of many molecules on longer timescales, 
confocal single-molecule detection provides additional 
observables from spectrally and polarization-selective single-
photon counting16, including fluorescence lifetimes (Fig. 1b and 
Supplementary Fig. 5), anisotropies (Supplementary Fig. 6) and, 
most importantly, dynamics in the millisecond range and even 
below6,17,25–27.
Protein diffusivity, structure and conformational dynamics
We first tested the approach with confocal single-molecule meas-
urements of the IDP28,29 prothymosin A (ProTA)28,30 in live cells. 
ProTA is a highly negatively charged protein that does not assume a 
folded structure under any known conditions and whose intramo-
lecular distance distributions and dynamics have previously been 
characterized by single-molecule experiments in vitro31–33. First, 
fluorescence imaging after microinjection of ProTA labeled with 
Atto 532 and Biotium CF680R was used to monitor the intracel-
lular distribution of the labeled protein (Supplementary Fig. 2). 
We quantified translational diffusion by correlating the fluores-
cence signal from the confocal measurements6,26. As expected, 
the intracellular diffusion time of ProTA increased relative to 
the diffusion time of the extracellular medium (Fig. 1d; to a 
similar extent in cytoplasm and nucleus), corresponding to an 
effective intracellular viscosity of 2.8 o 1.1 mPa s (os.d. from 
cell-to-cell variability unless otherwise specified; n = 39), 
which is within the range previously reported34.
To quantify the dimensions of the protein, we used the distance 
dependence of intramolecular FRET. From measurements in indi-
vidual cells, we obtained ~200–800 fluorescence bursts within 
the observation time of ~3 min before the majority of injected 
molecules were photobleached. We measured FRET efficiency 
histograms of ProTA with extracellular, cytosolic and nuclear 
localization (Fig. 1e). In all cases, a single population of FRET-
labeled ProTA molecules with similar mean transfer efficiencies, 
E®, was observed. The cell-to-cell variation of E® (s.d. = 0.02) 
was only slightly greater than its uncertainty from photon 
statistics (0.01) and close to the difference between cytosolic 
(E® = 0.34 o 0.01, n = 8) and nuclear measurements (E® = 0.35 o 0.03, 
n = 8). If we use a simple Gaussian chain model32 to estimate 
the radius of gyration, Rg, of intracellular ProTA, we obtain 
3.3 o 0.1 nm (n = 8) in the cytosol and 3.3 o 0.2 nm (n = 8) in 
the nucleus, very similar to the value in the extracellular medium 
(3.4 o 0.1 nm, error propagated from the s.d. of E®) and to 
previous results in vitro32. The presence of an immobile subpop-
ulation with different conformational properties was excluded 
by scanning over the intracellular region of interest during data 
acquisition (Supplementary Fig. 4).
For ProTA, as for other IDPs, nanosecond FCS (nsFCS) has 
been used to identify the characteristic chain-reconfiguration 
times on the 10- to 100-ns timescale17,31. We injected labeled 
ProTA and averaged the recordings from 51 cells with a total 
acquisition time of 2.5 h. The resulting submicrosecond corre-
lation functions were of sufficient quality for us to discern the 
main features identified in previous in vitro measurements17,25 
(Fig. 1f): the drop of the correlation in the low nanosecond 
range owing to photon antibunching characteristic of single-
molecule detection, as well as photon bunching with a slower 
decay and a time constant of 62 o 6 ns (s.d. from splitting the 
data into three equal parts) originating from the intramolecular 
distance fluctuations in the IDP. These dynamics, which were 
slightly slower than those measured in vitro (24 o 4 ns, n = 3 
(15-h measurement each)), were in good agreement with the 
increased intracellular viscosity identified by translational 
diffusion measurements (Fig. 1). The presence of a broad and 
rapidly reconfiguring ensemble of conformations is further 
supported by the dependence of fluorescence lifetimes on 
transfer efficiency (Supplementary Fig. 5).
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Figure 2 | Single-molecule FRET can detect small 
changes in protein conformation within live cells. 
(a) FRET efficiency histograms of ProTA in the 
cytosol of HeLa cells incubated in medium with 
different ionic strengths (the range of donor-only 
signal is shaded in gray). The red dashed line 
indicates the mean transfer efficiency of ProTA 
at I = 50 mM. (b) The collapse of ProTA (shown 
in terms of the radius of gyration, Rg, calculated 
from the transfer efficiencies; Online Methods) 
in the cytosol, nucleus and extracellular buffer. 
The s.d. of Rg for extracellular measurements 
was estimated from the variance of in 
vitro measurements performed on different 
instruments. The error bars for cytosolic and 
nuclear measurements represent the s.d. from 
cell-to-cell variation (Online Methods).
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The notable similarity of the intra- and extracellular behav-
ior of ProTA may raise the question of whether in-cell single-
molecule FRET experiments are sensitive enough to detect small 
changes in conformation. The intramolecular distance distribu-
tions of the highly negatively charged ProTA have previously been 
shown to be very responsive to charge screening with changes 
in ionic strength32,33. We mimicked this situation by increasing 
the extracellular salt concentration, which is expected to lead to 
a transient increase in intracellular ionic strength35. Indeed, the 
resulting decrease in the Rg of intracellular ProTA as derived from 
the transfer efficiencies showed a similar trend to the extracel-
lular behavior (Fig. 2), indicating that even small changes in intra-
molecular distances of 0.2–0.3 nm were detectable in cells.
Temperature-dependent intracellular protein stability
Detecting changes in conformational stability in vivo is another 
important aspect for identifying the effect of cellular factors 
on biomolecular behavior3,36,37. We investigated the effect of 
temperature on the conformational properties of the yeast 
homolog of frataxin (Yfh1)38–40. Frataxin exhibits cold dena-
turation in a readily accessible temperature range, i.e., it unfolds 
not only at high temperature but also below ~290 K. We labeled 
the protein with Atto 532 and Abberior Star 635 and developed 
a temperature-controlled stage optimized for cell culture 
observation and microinjection combined with single-molecule 
detection (Supplementary Fig. 7).
Transfer efficiency histograms of labeled frataxin after its 
injection into live cells at different temperatures showed two 
populations with a folded state at E® y 0.82 and an unfolded 
state at lower transfer efficiency (Fig. 3). In spite of the lower 
signal-to-noise ratio, the data reflected the behavior observed 
in vitro40 (Supplementary Fig. 8). By extracting the fraction of 
Figure 3 | Temperature dependence of protein 
stability and cold denaturation measured in  
live HeLa cells. (a) Single-molecule FRET  
efficiency histograms of Yfh1 microinjected  
into HeLa cells at different temperatures.  
The peak at E® y 0.82 corresponds to folded  
Yfh1; the peak at lower transfer efficiencies  
corresponds to unfolded Yfh1. For details on  
the fitting procedure, see Online Methods.  
(b) The fraction of folded Yfh1 (Ff) shows the 
temperature dependence of the intracellular  
conformational stability of Yfh1 (yellow  
circles), calculated as the ratio of the peak  
area of the folded state and the sum of the  
peak areas of folded and unfolded states (a).  
For comparison, the results of in vitro 
experiments in HBSS (white circles), HBSS  
without Ca2+ and Mg2+ (squares) and sodium 
phosphate, pH 7.0, (triangles) are shown.  
The intracellular temperature dependence  
of Ff was fitted assuming a constant heat  
capacity change of unfolding (dashed line),  
as previously described40. (c) The temperature 
dependence of the radius of gyration  
(Rg; Online Methods) of unfolded Yfh1  
inside HeLa cells (yellow circles) and in  
buffer (HBSS, white circles; HBSS without Ca2+ and Mg2+, squares; sodium phosphate, pH 7.0, triangles). The data points of the in-cell measurements  
in b,c were obtained from the global fit shown in a. Error bars correspond to s.d. estimated by splitting each data set into two and treating Ff or Rg of 
the unfolded population determined from each half as independent measurements.
folded protein from the peak areas, we detected a maximum in 
conformational stability of the protein at ~290 K and a decrease 
at both lower and higher temperatures, corresponding to cold 
and heat denaturation. The behavior was very sensitive to buffer 
conditions, especially to salt concentrations39 (Fig. 3b). In HBSS 
buffer, the stability was at the same level as in cells, pointing 
toward good consistency of this optimized cell culture medium 
with the cellular ion concentrations. Measurements in HBSS 
buffer without Ca2+ and Mg2+ confirmed the pronounced sen-
sitivity of frataxin stability to divalent ions39. The intracellular 
single-molecule measurements of frataxin were consistent with 
the compaction of its unfolded state with increasing temperature 
previously observed in buffer40 (Fig. 3c).
Single-molecule protein-folding kinetics in the cell
Single-molecule spectroscopy enables kinetics to be extracted 
from equilibrium measurements, a quality that is particularly 
valuable in the cell, where the choice of perturbations compat-
ible with cellular homeostasis is very limited. As a model for 
metastable cellular proteins that exhibit equilibrium conforma-
tional interconversion dynamics, we investigated a variant of GB1, 
the IgG-binding domain of protein G labeled with Atto 532 and 
Atto 647N. Its conformational stability and folding kinetics in 
the millisecond range have been well characterized in vitro41 and 
in vivo42. By using a slightly destabilized variant (Online 
Methods), we could populate both folded and unfolded states at 
equilibrium under physiological conditions, as reflected by the 
two peaks in the transfer efficiency histogram at E® = 1.00 and 
0.85, respectively (Fig. 4 and Supplementary Fig. 9).
To extract the rate of interconversion between the folded and 
unfolded conformations at equilibrium, we used recurrence 
analysis of single particles (RASP), an approach that has recently 
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been shown in vitro to allow quantification of conformational 
changes on timescales from ~50 Ms to ~100 ms (ref. 43; Fig. 4, 
Online Methods and Supplementary Fig. 10). Cellular confine-
ment strongly increases the same-molecule probability, psame(T), 
i.e., the probability that two fluorescence bursts separated by time 
T are emitted by the same molecule, as illustrated by simulations 
in a cylindrical volume (Fig. 4b). For cylinder heights of 1–2 Mm 
(dimensions similar to those of an adherent HeLa cell), the psame 
decays closely resemble intracellular measurements, with psame  
values of around 60% for timescales of seconds. This effect extends 
the effective observation time and makes recurrence analysis ide-
ally suited for probing intracellular conformational dynamics.
RASP yielded a relaxation time for GB1 folding-unfolding of 
21 o 4 ms in buffer (error from the fit, valid for all decay times shown 
here; equilibrium constant Keq = 1.3 o 0.1), in agreement with the 
time of 23 o 7 ms (Keq = 1.5 o 0.1) obtained from single-molecule 
perturbation experiments using microfluidic mixing under the 
same solution conditions (Online Methods and Supplementary 
Fig. 9) and in the range expected from previous work41. In HeLa 
cells, the transfer efficiency histogram of the microinjected GB1 
variant was broadened compared to buffer measurements—for 
example, from the additional background contribution; neverthe-
less, two populations could be identified, as further supported 
by the recurrence FRET efficiency histograms, which allow the 
peaks from folded and unfolded protein to be clearly separated43 
(Fig. 4 and Supplementary Fig. 10). We observed, on the basis of 
the peak integrals, a similar fraction of folded state (0.33 o 0.03) 
to that in buffer (0.43 o 0.02). RASP analysis of the intracellular 
measurements yielded a folding-unfolding relaxation time of 
12 o 2 ms (Keq = 2.0 o 0.2; Fig. 4), indicating at most a small 
effect of the cellular environment—such as from macromo-
lecular crowding—on the conformational stability and folding 
dynamics of GB1 (refs. 37,44). We demonstrated the robust-
ness of the RASP method by performing control measurements 
with noninterconverting species in buffer and injected into cells 
(Supplementary Fig. 11).
DISCUSSION
The results presented here show that an integrated approach 
addressing the multifactorial challenges of in-cell single- 
molecule spectroscopy enables the application of a broad spectrum 
of confocal single-molecule fluorescence methods in eukaryotic 
cells. With single-molecule FRET and the resulting separation 
of subpopulations, not only can intramolecular distances be 
quantified, but the conformational stability of proteins can be 
measured in live cells and compared to in vitro observations 
(Figs. 3 and 4), including the effects of temperature. The dimen-
sions of intrinsically disordered and unfolded proteins are acces-
sible (Figs. 1–3), as are their responses to changes in intracellular 
conditions, such as ion concentrations and temperature (Figs. 2 
and 3). Most notably, the approach enables in-cell conformational 
dynamics to be investigated, illustrated here by the use of nsFCS 
for quantifying submicrosecond reconfiguration times (Fig. 1) 
and the analysis of FRET efficiency histograms with recur-
rence analysis to extract millisecond protein-folding kinetics 
(Fig. 4). Together with the well-known possibility of determining 
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Figure 4 | Intracellular protein-folding dynamics 
from recurrence analysis (RASP)43. (a) Schematic 
of a protein recurring to the confocal volume; 
in this example, the protein happens to fold 
between detected fluorescence bursts.  
(b) Comparison of the experimental psame curve  
obtained in cells (black) with simulated psame 
curves of proteins in a confining cylinder 
(diameter, 20 Mm; height, 1–10 μm; protein 
concentration, 100 pM). (c,d) FRET efficiency 
histograms of GB1 in 50 mM phosphate buffer (c) 
and inside cells (d). The range of donor-only 
signal is shaded in gray, and the initial transfer 
efficiency range, $E, is indicated with red 
boxes. Recurrence FRET efficiency histograms 
show the folded (red, $E = (0.95–1.1)) and 
unfolded (cyan, $E = (0.7–0.9)) populations 
of GB1 within a recurrence interval T = (0, 1 ms) 
(measurements performed at 4 °C; Online 
Methods). (e,f) Fractions of folded molecules 
from recurrence FRET efficiency histograms with 
increasing recurrence intervals (Supplementary 
Fig. 10) starting from unfolded (cyan) and 
folded molecules (red). Global fits (solid lines) 
yielded relaxation times of 21 o 4 ms (buffer, 
e) and 12 o 2 ms (intracellular, f). Dashed lines 
show the behavior expected in the absence of 
folding dynamics (i.e., from the appearance of 
new molecules only), as calculated from burst 
time correlation analysis43. Differences between 
dashed and solid lines indicate population 
interconversion on the millisecond timescale (for 
a control measurement with noninterconverting 
species, see Supplementary Fig. 11).
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intracellular diffusivity with FCS6,26, the effective intracellular 
viscosity can be monitored from molecular to cellular length 
scales. All of these observables are accessible as a function of 
cellular localization (Fig. 1) and thus enable the investigation of 
spatial variations in conformation and dynamics. The availabil-
ity of FLIM can aid the discrimination between the signal of the 
injected sample and autofluorescence (Fig. 1).
Our observations exemplify how this methodology can provide 
new possibilities for probing the properties of biomolecules in live 
cells. The single-molecule FRET experiments on ProTA clearly 
showed that this IDP remains unstructured in the cell, as judged 
from its dimensions and submicrosecond chain dynamics (Fig. 1). 
Similar conclusions were previously drawn for A-synuclein via 
intracellular NMR-based experiments45,46, indicating that even 
though many IDPs are known to form a folded structure upon 
interaction with their cellular targets29, IDPs can stay unfolded 
upon binding and in live cells. The results on protein GB1 and 
frataxin indicated a remarkable robustness in the conformational 
stabilities and even folding kinetics of these proteins in cells com-
pared to in simple buffered solutions (Figs. 3 and 4). However, 
even modest changes in quantitative behavior may have important 
functional or regulatory consequences2,36. The sensitivity of the 
in-cell single-molecule approach (Figs. 2 and 3) is thus expected to 
be ideally suited for studying the effects of molecular crowding44 
and the cellular machinery on the conformations, dynamics and 
intracellular interactions of biological macromolecules, even as 
a function of cellular localization.
Our approach complements existing single-molecule methods 
in eukaryotes14 and prokaryotes10–13 and other techniques. In-cell 
NMR spectroscopy, for example, can provide atomistic detail and 
a wide range of dynamics37,42,45,47, but it is currently limited to 
averages over large molecular ensembles and many cells. Recent 
advances in quantitative cellular FRET imaging based on fusions 
with fluorescent proteins and temperature jumps have led to the 
spatiotemporal mapping of protein stability and kinetics with 
high sensitivity3,36, but this ensemble technique requires rapid 
changes in temperature as a perturbation and is currently limited 
to timescales in the seconds range and above. Finally, super- 
resolution microscopy8,9 now routinely enables fluorescence 
imaging with spatial resolution of tens of nanometers, but con-
formational changes and dynamics at the time and length scales 
investigated here have remained beyond its reach. We therefore 
expect that single-molecule spectroscopy will play an important 
role in bridging the gap between our quantitative understanding 
of biomolecules in vitro and in vivo.
METHODS
Methods and any associated references are available in the online 
version of the paper.
Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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Protein expression and labeling. Fluorescent dyes for single-
molecule experiments were chosen according to their availability 
as a maleimide derivative for site-specific labeling and their pho-
tophysical (photostability and brightness) and chemical (hydro-
phobicity) properties. For probing conformational dynamics on 
the length and time scales required here, genetically introduced 
fusions with fluorescent proteins are of limited use owing to 
their relatively large size, lower brightness, and photostability48; 
the complication of heterogeneous expression levels49; and the 
tendency of forming oligomers50. We thus chose to work with 
organic fluorophores. The broad availability of fluorophores with 
absorption maxima in the vicinity of the popular 532-nm laser 
line facilitates the choice of a FRET donor and a correspond-
ing acceptor dye. As a donor dye, we used Atto 532 maleimide 
(ATTO-TEC GmbH). For acceptor dyes, we covered a range from 
hydrophilic to hydrophobic dyes, specifically Biotium CF680R 
maleimide (Biotium Inc.), Abberior Star 635 maleimide (Abberior 
GmbH) and Atto 647N maleimide (ATTO-TEC GmbH). The 
Förster radii for the dye-pairs were calculated to be 5.7 nm for 
Atto 532/Biotium CF680R, 6.0 nm for Atto 532/Abberior Star 
635, and 6.0 nm for Atto 532/Atto 647N on the basis of the quan-
tum yields and absorption and emission spectra provided by the 
manufacturer and using an averaged orientation factor of K2 = 2/3, 
as supported by single-molecule anisotropy measurements 
in vitro and in vivo (Supplementary Fig. 6 and Online Methods 
section “Data analysis”).
The three different acceptor fluorophores (Atto 647N, Abberior 
Star 635 and Biotium CF680R), in combination with the donor 
dye Atto 532, were used to assess the robustness of different FRET 
pairs for measurements in vitro and in vivo. The selected accep-
tor dyes have absorption maxima between 634 and 680 nm and 
emission maxima between 654 and 701 nm (as specified by the 
manufacturer), in a suitable range to act as acceptors for FRET 
from Atto 532. Atto 647N is particularly popular for experiments 
both in vitro and in vivo owing to its very high photostability 
and brightness51. Abberior Star 635 was recently developed for 
demanding applications such as stimulated emission depletion 
microscopy52. Biotium CF680R was chosen on the basis of a 
screen we performed for dyes with suitably high photostability and 
brightness combined with low hydrophobicity; we are not aware 
of any previous use in single-molecule spectroscopy. A major dif-
ference between the dyes is their hydrophobicity, with Biotium 
CF680R being the most hydrophilic, Abberior Star 635 being 
moderately hydrophobic, and Atto 647N exhibiting the highest 
hydrophobicity according to the elution times in reversed-phase 
HPLC. Our results showed that the FRET pairs Atto 532/Biotium 
CF680R on ProTA (Figs. 1 and 2), Atto532/Abberior Star 635 on 
frataxin (Fig. 3) and Atto 532/Atto 647N on GB1 (Fig. 4) are 
all suitable for in-cell single-molecule spectroscopy, indicating 
that the method is not limited to specific fluorophores. However, 
care has to be taken regarding the hydrophobicity of the dyes. 
Especially Atto647N is known for its hydrophobicity53, which 
can lead to nonspecific interactions with other molecules or even 
the labeled protein itself. It is therefore essential to characterize 
labeled proteins in vitro before using them in in vivo experiments: 
for example, regarding the conformational stability (Fig. 3), the 
fluorescence lifetime of the attached dyes (Supplementary Fig. 5), 
or fluorescence anisotropy (Supplementary Fig. 6). In the cases 
of ProTA, Frataxin and GB1, no interfering interactions were 
observed after we labeled them with the dye pairs used here.
Prothymosin A (ProTA). Cysteine residues for the specific 
labeling of ProTA using maleimide chemistry were intro-
duced by site-directed mutagenesis at the positions 1 and 56 
(Supplementary Table 1). ProTA was produced in Escherichia coli 
BL21 with an N-terminal His-tag for purification. Cells were 
grown in LB medium, expression was induced with isopropyl 
B-d-1-thiogalactopyranoside (IPTG, Sigma), and the harvested 
cells were disrupted. As previously described33, ProTA was purified 
with a Ni-NTA column (Thermo Scientific) after ammonium sul-
fate precipitation54. The His-tag was cleaved off with HRV 3C pro-
tease (recombinantly produced in-house as a hexahistidine fusion), 
followed by a second Ni-NTA chromatography run to remove 
the His-tag and the protease. ProTA was reduced with 10 mM 
tris(2-carboxyethyl) phosphine (TCEP, Sigma) and further puri-
fied by reversed-phase high-pressure liquid chromatography 
(RP-HPLC) on a Reprosil Gold 200 column (Dr. Maisch GmbH) 
with an acetonitrile gradient. Purified ProTA was lyophilized in 
a SpeedVac concentrator (Thermo Scientific), dissolved in 0.1 M 
sodium phosphate (Sigma) buffer, pH 7.2, and labeled with Atto 
532 maleimide according to the supplier’s manual at a molar 
ratio of dye to protein of 0.8:1. The reaction was stopped with 
B-mercaptoethanol (Sigma), reduced with 10 mM TCEP and 
purified by RP-HPLC on an XTerra C18 column (Waters), which 
enabled not only the separation of singly labeled, doubly labeled 
and unlabeled protein but also the separation of the singly labeled 
permutants, as confirmed by proteolytic digest and electrospray 
ionization mass spectrometry (ESI-MS). The fraction containing 
one of the singly labeled ProTA permutants was lyophilized in a 
SpeedVac concentrator and was labeled and purified analogously 
with a molar excess of Biotium CF680R maleimide. The mass of 
the doubly labeled ProTA was confirmed by ESI-MS.
Yeast frataxin homolog Yfh1. The expression and purification 
of Yfh1 (Supplementary Table 1) was performed as previously 
described40. Purified Yfh1 was first labeled with Atto 532 male-
imide in 6 M guanidinium chloride (GdmCl), 100 mM sodium 
phosphate, pH 7.1, at a molar ratio of dye to protein of 0.7:1 
for 2 h at room temperature. Singly labeled Yfh1 was isolated 
from the reaction mixture by RP-HPLC using a Reprosil Gold 
C18 column with a water-acetonitrile gradient, which enabled 
not only the separation of singly labeled, doubly labeled and 
unlabeled protein but also the separation of the singly labeled 
permutants. The lyophilized fractions containing one of the singly 
labeled permutants of Yfh1 were further labeled with Abberior 
Star 635 maleimide. A twofold molar excess of Abberior Star 635 
was reacted with singly Atto 532–labeled protein in 6 M GdmCl, 
100 mM sodium phosphate, pH 7.1, for 2 h at room temperature. 
The purification of the doubly labeled Yfh1 was again performed 
by RP-HPLC, as described above. The mass of doubly labeled 
Yfh1 was confirmed by ESI-MS.
IgG-binding domain of protein G (GB1). A variant of GB1 
(ref. 55) containing the destabilizing F30L-G41A substitutions56 
(Supplementary Table 1) was site-specifically labeled at posi-
tions Q2C and T55C (very close to the termini to achieve the 
lowest possible transfer efficiency compared to the folded state) 
with the maleimide derivatives of the donor Atto 532 and the 
acceptor Atto 647N, respectively. GB1 was expressed with an 
N-terminal His-tag followed by a cleavage site for tobacco etch 
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virus (TEV) protease using E. coli Rosetta DE3 cells (Millipore). 
The cells were cotransfected with the pRARE plasmid (Millipore) 
to further boost the expression of GB1. The Rosetta cells were 
grown in 2YT medium, and expression was induced with IPTG. 
The harvested cells were lysed in 6 M GdmCl (Sigma), 100 mM 
sodium phosphate, 10 mM Tris-HCl (Sigma), 10 mM imidazole 
(Sigma), pH 8.0 (binding buffer), by rocking them at room tem-
perature for 1 h. Insoluble proteins and cellular debris were then 
pelleted, and the supernatant was incubated with 5 ml Ni-NTA 
agarose slurry (Thermo Scientific). The slurry was gently pel-
leted and washed with binding buffer four times. Bound GB1 
was eluted by incubating the slurry in 6 M GdmCl, 0.2 M acetic 
acid (Sigma), pH 4.5, for 20 min, rocking at room temperature. 
The supernatant containing GB1 was filtered through a 0.45-Mm 
filter (TPP) and refolded by equilibrium dialysis (3-kDa-cutoff 
membrane, Spectrum Laboratories) against three times 4 liters 
of 50 mM sodium phosphate, 300 mM sodium chloride (Sigma), 
pH 7.0, at 4 °C. TEV protease (recombinantly produced in-house as 
a hexahistidine fusion) was added to GB1 at a molar ratio of 50:1 
(GB1/TEV) along with 5 mM dithiothreitol (Sigma) to cleave off 
the His-tag, followed by dialysis against 50 mM sodium phos-
phate, 300 mM NaCl, pH 8.0, as above. GB1 was then subjected 
to a second round of Ni-NTA pulldown (equilibrated in the 
same buffer) to remove the cleaved His-tag as well as the TEV 
protease. GB1 was further purified with size-exclusion chroma-
tography on a Superdex 75 column (GE Healthcare) in 50 mM 
potassium phosphate, 100 mM NaCl, 0.5 mM EDTA (Sigma), at 
pH 7.5. Fractions containing GB1 were collected and were sub-
jected to RP-HPLC on a Reprosil Gold C18 column to remove 
additional degradation products. Protein samples were reduced 
with TCEP and eluted with an acetonitrile gradient. Samples were 
subsequently lyophilized and labeled with Atto 532 maleimide 
at a molar ratio of dye to protein of 0.7:1. The reaction products 
were purified by RP-HPLC using an acetonitrile gradient on an 
XTerra C18 column, which enabled not only the separation of 
singly labeled, doubly labeled and unlabeled protein but also the 
separation of the singly labeled permutants. The purified protein 
fraction containing one of the singly labeled permutants was sub-
sequently lyophilized and labeled with Atto 647N maleimide with 
a molar ratio of protein to dye of 1:3. The reaction mixture was 
purified by reversed-phase HPLC using an acetonitrile gradient 
on an XTerra C18 column, as above. The mass of doubly labeled 
GB1 was confirmed by ESI-MS. Yields of correctly FRET-labeled 
samples were >90% for all three proteins, as indicated by HPLC 
elution profiles, mass spectrometry, and the low ‘donor-only’ sig-
nal in single-molecule measurements in vitro.
Cell culture and microinjection. Cell culture. HeLa cells 
(American Type Culture Collection; mycoplasma free, tested with 
the MycoAlert mycoplasma detection Kit (Lonza); the identity 
of the cells was confirmed by visually inspecting the cell mor-
phology) were cultured in tissue culture flasks (75 cm2, TPP) in 
humid atmosphere at 37 °C and 5% CO2. The cells were grown 
in phenol red–free Dulbecco’s modified Eagle medium (DMEM, 
Invitrogen), supplemented with 10% FCS (Bioconcept Amimed), 
100 units/ml penicillin, and 0.1 mg/ml streptomycin (Sigma). 
Cells were subcultured when approximately 80% confluency was 
reached using trypsin-EDTA (Sigma) for cell detachment. One day 
before a single-molecule experiment, 2 × 105 HeLa cells in 4 ml 
phenol red–free DMEM medium were pipetted into a microscopy 
dish (35-mm glass-bottom dishes, Ibidi) and incubated overnight 
(37 °C, 5% CO2) until the cells became adherent again. Prior to 
single-molecule measurements, the medium was aspirated; the 
cells were then washed three times with Hanks balanced salt 
solution (HBSS, Sigma; HBSS contains 1.3 mM CaCl2, 0.8 mM 
MgSO4, 5.4 mM KCl, 0.44 mM KH2PO4, 4.2 mM NaHCO3, 
136.9 mM NaCl, 0.3 mM Na2HPO4 and 5.6 mM glucose) and cov-
ered with a buffer of choice. For experiments with different salt 
concentrations (up to 300 mM total ionic strength in the medium) 
or for temperature experiments, the microscopy dishes were first 
coated with poly(l-lysine) solution (0.01% in H2O, Sigma) to 
improve cell adhesion.
Microinjection. Protein solutions were injected into HeLa cells 
using a Xenoworks microinjection system (Sutter Instrument), 
which was directly attached to the single-molecule fluorescence 
microscope. The pressure pulses (0.5–1 bar, 20–50 ms) for the injec-
tions were delivered by a home-built injector or a Picospritzer III 
(Parker). The sample was injected into cells using Femtotips II 
capillaries (Eppendorf). Before cell injection, the operational 
capability of the system was tested by injecting sample several 
times into the cell medium while recording a transfer efficiency 
histogram with the single-molecule fluorescence microscope. For 
all experiments with GB1 and Yfh1, the inside of the capillaries 
was first coated with 1 mg/ml poly(l-lysine)-graft-poly(ethylene 
glycol)57 (PLL(20)-g[3.5]-PEG(2), SuSoS), dissolved in doubly 
distilled H2O (ddH2O), for 5 min, to reduce the adherence of the 
proteins to the glass capillary. Before loading the sample, which 
needs to be dissolved in a low-salt buffer to minimize dissocia-
tion of PLL-PEG—for example, 20 mM sodium phosphate buffer, 
pH 7.0—the coated capillaries were rinsed twice with ddH2O. 
All protein samples for injections contained 0.005% Tween 20 
(Pierce) to reduce adsorption of protein to any container sur-
faces used during dilution, and the sample was injected into either 
the cytosol or the nucleus of a targeted cell. Solutions for injec-
tion contained labeled protein at concentrations of ~20–50 nM. 
For every measurement, a single pressure pulse was applied to 
deliver the sample into the cell. The pressure settings and the 
duration of the pulses for the sample injections into HeLa cells 
were optimized in a way that (i) enough sample was injected to 
observe a sufficiently large number of fluorescence bursts per cell 
and (ii) the pressure pulse was gentle enough to avoid the forma-
tion of membrane protuberances or cell lysis, clear indications of 
compromised cellular viability (Supplementary Fig. 12). Slight 
adjustments of pressure pulses within the range given above were 
made for every set of measurements involving a stock solution 
of a given protein concentration. Longer-term cell viability after 
injection with parameters optimized in this way was assessed by 
adding propidium iodide58 (Sigma) to the medium after injection 
of buffer into the cytosol of 23 HeLa cells (Supplementary Fig. 1). 
The membrane integrity and cell morphology were tracked up 
to 1.5 h after injection. Immediately after injection, all injected 
cells were still intact. After 1.5 h, 74% of all injected cells were still 
intact; four cells (18%) showed blebbing, and one cell was found 
dead according to the propidium iodide stain.
Instrumentation for single-molecule FRET in cells. Single-
molecule fluorescence microscope. Single-molecule fluorescence 
measurements were performed on a custom-built confocal 
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instrument using an Olympus IX71 microscope body. Light from 
a 20-MHz supercontinuum laser (SC-450-4, Fianium) was used 
for excitation, with the wavelength selected via a 520/15 band-pass 
filter (Chroma Technology), and focused into the sample with an 
Olympus UplanApo 60×/1.20-W objective (Olympus). Photons 
emitted from the sample were collected through the same objec-
tive. Scattered excitation light was eliminated with a long-pass 
filter (LP532, Chroma Technology) before the emitted photons 
passed a 100-Mm confocal pinhole. The emitted photons were 
then separated into four channels with a polarizing beam split-
ter and two dichroic mirrors (635DCXR, Chroma Technology). 
Donor photons were filtered (ET585/65m, Chroma Technology) 
and then focused on T-SPAD avalanche photodiodes (PicoQuant). 
Acceptor photons were filtered (LP647RU and HC750/SP, Chroma 
Technology) and detected with SPCM-AQRH-14 single-photon 
avalanche diodes (PerkinElmer). The arrival times of detected 
photons were recorded with four channels of a HydraHarp 400 
counting module (PicoQuant) with a resolution of 16 ps. All 
measurements were performed by exciting the donor dye with 
a laser power of 50 MW, measured at the back aperture of the 
objective. The objective was mounted on a piezo stage combina-
tion (P-733.2 and PIFOC, Physik Instrumente GmbH) to enable 
3D scans. During such a scan, the sample was excited with pulsed 
laser light (20 MHz, 520 nm). The emitted fluorescence was used 
to generate fluorescence lifetime images of the scanned cells using 
the SymPhoTime software package (PicoQuant).
In-cell FRET and nanosecond FCS of ProTA. Single-molecule 
FRET efficiency histograms of ProTA in living cells were acquired 
by injecting samples with a protein concentration of 10 nM into 
the cytosol or nucleus of HeLa cells. ProTA was dissolved in the 
buffer used for the experiment, additionally containing 0.005% 
Tween 20. All experiments with ProTA were performed at 22 °C. 
As a sample buffer and extracellular medium, modified HBSS 
without Ca2+ and Mg2+ and with different NaCl concentrations 
was used. Besides NaCl, every buffer contained 0.3 mM Na2HPO4 
(Sigma), 0.4 mM KH2PO4 (Sigma), 5.4 mM KCl (Sigma), 4.2 mM 
NaHCO3 (Sigma) and 5.6 mM glucose (Sigma). The concentra-
tion of NaCl was adjusted to the desired final ionic strength of the 
buffer (30 mM, 80 mM, 137 mM, 280 mM and 980 mM NaCl), 
yielding buffers with total ionic strengths of 50 mM, 100 mM, 
156 mM, 300 mM and 1,000 mM, respectively. The pH of the 
buffers was between 7.2 and 7.4. The cells were incubated in the 
corresponding buffer for 15 min before the sample was injected 
into the cells. For experiments with buffers with ionic strengths of 
50 mM, 100 mM, and 156 mM, the microscopy dishes were coated 
with poly(l-lysine), for improved cell adhesion, before cells were 
added. Note that in the range of salt concentrations used here, no 
detectable effects on the stability and photophysics of the dyes are 
expected32. For I = 50 mM, 6 cytosolic and 1 nuclear measure-
ments were performed; for I = 100 mM, 6 cytosolic and 8 nuclear 
measurements; for I = 156 mM, 8 cytosolic and 8 nuclear meas-
urements; for I = 300 mM, 7 cytosolic and 8 nuclear measure-
ments; for I = 1,000 mM, 5 cytosolic and 4 nuclear measurements. 
Each data point was collected in a different cell.
Two slightly different procedures were used for in-cell data 
acquisition. In both cases, before injection, a FLIM image of 
the cells was first taken in the axial direction for setting the z 
position, and then an image in the xy plane was recorded. After 
microinjection of sample into a few cells, success of injection was 
verified by recording a second FLIM image of the injected cells 
in the xy plane (for example, Fig. 1b), and the confocal volume 
was positioned either in the cytosol or the nucleus of the injected 
cells and away from regions of high cellular autofluorescence. 
Alternatively, in order to minimize photobleaching of the injected 
sample, we recorded an image of the cells only before injection, 
and the position of the confocal volume after injection was chosen 
on the basis of that image. The confocal spot was then set to the 
position of choice, either in the cytosol or in the nucleus of an 
injected cell. In both cases, positioning of the observation volume 
was additionally verified by the presence of fluorescence bursts 
(Fig. 1c) and the slower translational diffusion of the mol-
ecules compared to the extracellular medium (Fig. 1d). From 
each injected cell, data were acquired for 2–3 min until most of 
the injected protein was photobleached. The concentration of 
labeled protein in the injected cells was estimated by compar-
ing the frequency of detected fluorescence bursts with refer-
ence measurements in vitro and yielded concentrations between 
50 pM and 500 pM. (Note that at such low concentrations of 
injected sample, using the amplitudes of the component of FCS 
curves corresponding to translational diffusion for the determi-
nation of concentrations6 is complicated by the contribution of 
cellular autofluorescence.)
Nanosecond FCS (nsFCS) measurements in cells were per-
formed by injecting ProTA in HBSS without Ca2+ and Mg2+  
(I = 156 mM), containing 0.005% Tween 20. Owing to the poorer 
photon statistics for interphoton times in the nanosecond range, 
the measurements require a substantially larger total number 
of photons to be detected than are needed for FRET efficiency 
histograms. Optimal signal-to-noise ratio is achieved in the range 
of ~1 nM of labeled protein; we thus injected correspondingly 
higher concentrations of labeled ProTA (20 nM). Injections and 
measurements were performed as described above. In contrast 
to the other single-molecule fluorescence measurements, nsFCS 
measurements were carried out using a 532-nm continuous-wave 
laser (LaserBoxx LMX-532S, Oxxius) at 100-MW excitation power, 
as measured at the back aperture of the objective. In-cell experi-
ments were performed by measuring the fluorescence in each 
injected cell for 3 min. To achieve sufficient statistics, we averaged 
the results of 51 single-cell measurements, which resulted in a 
total acquisition time of 2.5 h. We note that, given the small cell-
to-cell variation in E®, a large heterogeneity in dynamics seems 
unlikely. Also, during the measurement in one single cell, the 
transfer efficiency of ProTA remained constant to within experi-
mental uncertainty (Supplementary Fig. 13). Control measure-
ments in buffer were carried out with protein concentrations 
of 200 pM in HBSS with 0.001% Tween 20 for 12 h. Owing to 
the relatively low transfer efficiency of the ProTA variant used 
here and the limited signal-to-noise ratio, the amplitude of the 
cross-correlation component corresponding to chain dynamics is 
not detectable in our intracellular measurements (Fig. 1f).
In-cell FRET of Yfh1 at different temperatures. For intracellular 
measurements at different temperatures, a custom-made 
temperature-controlled cell-culture dish holder employing 
Peltier elements and a digital temperature controller (HAT 
Control-M20, BelektroniG GbR) with a Pt100 temperature sen-
sor (Supplementary Fig. 7) was used. The Peltier elements were 
cooled by continuous water circulation. The microscope objective 
was temperature regulated using an aluminum collar to which a 
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water-cooled Peltier element was mounted40. For temperature- 
dependent control measurements in buffer, a custom-built 
temperature-controlled sample holder for glass cuvettes employ-
ing Peltier elements and a HAT Control-M20 temperature 
controller with a Pt100 temperature sensor was used as 
previously described5. For both extracellular and intracellular 
measurements, the temperature at the laser focus was cali-
brated using the temperature-dependent fluorescence lifetime of 
rhodamine B40,59,60.
HeLa cells were grown in poly(l-lysine)-coated microscopy 
dishes. The cells were kept in HBSS without Ca2+ and Mg2+ 
salts (I = 156 mM). Yfh1 in cells was measured at temperatures 
between 279 K and 299 K. Above that temperature range, the 
pH became instable too quickly, which led to cell detachment 
(for measurements at higher temperatures, a CO2 cabinet attached 
to the microscope would need to be employed to maintain the 
physiological pH). Nevertheless, HeLa cells were found to toler-
ate from ~277 K to ~303 K without loss of surface adherence 
after microinjection. A 50 nM Yfh1 solution in 20 mM sodium 
phosphate buffer, pH 7.0, and 0.005% Tween 20 was injected into 
HeLa cells with PLL-PEG–coated glass capillaries. Extracellular 
measurements were performed with 50 pM Yfh1 in 50 mM 
sodium phosphate buffer, pH 7.0, in HBSS and in HBSS without 
Ca2+ and Mg2+. Every buffer additionally contained 144 mM 
B-mercaptoethanol and 0.001% Tween 20, and measurements 
were performed at different temperatures (for measurement in 
HBSS buffer, see Supplementary Fig. 8). The measurements at 
279 K were performed in 8 individual cells, at 282 K in 11 cells, 
at 286 K in 8 cells, at 289 K in 10 cells, at 293 K in 10 cells, and at 
299 K in 12 cells. Note that in the temperature range accessible 
here, only minor effects on the stability and photophysics of the 
dyes are expected40,59,61. Both here and in the cases of ProTA 
and GB1, some variation in the amplitudes of the donor-only 
peak from cell to cell was observed. Given the absence of donor-
only bursts in noninjected cells (Supplementary Fig. 14), the 
most likely reasons of this variation are photobleaching and/or 
differences in intracellular proteolytic degradation.
Recurrence analysis of single particles (RASP) with GB1 in the 
cell. RASP is based on the observation that at sufficiently low 
sample concentrations and for timescales up to several tens 
of milliseconds, the probability that a fluorescently labeled 
molecule returns to the confocal volume is greater than the 
probability of a new molecule being detected43. Intramolecular 
interconversion kinetics can then be quantified by the changes 
in transfer efficiency histograms obtained from fluorescence 
bursts detected within a defined time interval that is varied 
systematically (Supplementary Fig. 10). The possibility of 
extracting kinetics for times longer than the diffusion time 
through the confocal volume (~1 ms) critically depends on the 
probability that two fluorescence bursts separated by a time T were 
emitted by the same molecule (psame(T)). For the large sample 
volumes used in typical in vitro single-molecule measurements, 
the huge reservoir of fluorescent molecules (~109) leads to a 
rapid drop of psame with increasing T (ref. 43). However, owing to 
the confinement within the small cellular volume (~0.5 pl), 
psame remains high for much longer times, as illustrated by 
simulations (Fig. 4b). Essentially, cellular confinement strongly 
increases the probability of observing multiple transits of a 
molecule through the confocal volume, which extends the 
effective observation time and makes recurrence analysis ideally 
suited for probing intracellular conformational dynamics.
RASP measurements in cells were performed at 4 °C to improve 
the peak separation between the unfolded and folded population 
(as in the case of Yfh1 (ref. 40), the unfolded state expands with 
decreasing temperature, resulting in lower transfer efficiency and 
thus better separation from the high-transfer-efficiency folded 
peak). For intracellular measurements, the temperature-controlled 
cell-culture dish holder and the objective collar were used as 
described above. Adherent HeLa cells for in-cell RASP experi-
ments were grown in microscopy dishes, as described above. The 
medium was decanted, and the cells were washed three times with 
HBSS and cooled to 4 °C. Microinjection was performed using a 
20 nM GB1 solution in PLL-PEG–coated glass capillaries. GB1 was 
injected into the cytosol of 61 HeLa cells, and fluorescence bursts 
were collected for 5 min per cell. To maximize throughput, we 
verified successful injection not by detailed fluorescence imaging 
but by the appearance of fluorescence bursts upon placing the con-
focal volume inside the cytoplasm and the reduced translational 
diffusion time of molecules inside cells compared to the extracel-
lular medium. Buffer measurements were carried out in 50 mM 
sodium phosphate buffer, pH 7.0, 144 mM B-mercaptoethanol, 
and 0.001% Tween 20. Single-molecule FRET histograms in 
buffer were acquired in samples with a protein concentration 
of 20 pM. The protein concentration was chosen low enough to 
maximize the same-molecule probability, psame(T), i.e., the prob-
ability that two fluorescence bursts, separated by a short time T 
(up to 100 ms), are emitted by the same molecule that happens 
to return to the confocal volume. As a consequence of the low 
protein concentrations, fluorescence bursts had to be collected for 
over 20 h in vitro to obtain sufficient statistics for a robust analysis 
of the exchange dynamics between folded and unfolded states43.
Simulation of RASP data. For a better understanding of the 
shape of the psame(T) curve obtained from the measured data, we 
simulated trajectories of particles labeled with one fluorophore 
freely diffusing (diffusion coefficient D = 1 × 10−5 Mm2/Ms) in the 
confined volume of a living cell, which we approximated by a flat 
cylinder of diameter d = 20 Mm and height h = 1, 2, 4 or 10 Mm. 
Trajectories were simulated for each particle as a random walk 
with step sizes in each spatial direction drawn from a normal 
distribution with variance S2 = 2D$, where $ = 1 Ms is the time 
between two steps. We approximate the dependence of the fluo-
rescence photon rate n on the position (x, y, z) inside the confocal 
volume by a 3D Gaussian 
n x y z n e ex y z( , , ) ( ) / /   0 2
2 2
1
2 2 2 2
2X X
with W1 = 0.15 Mm, W2 = 0.9 Mm, and n0 = 0.4 photons/Ms. The 
probability of photobleaching during one simulation step is given 
by pbleach = Ableachn(x, y, z)$ with Ableach = 0.0025. Initially (t = 0), 
N particles were randomly distributed inside the cylinder. Each 
particle trajectory was simulated for 180 s or until bleaching of the 
fluorophore, whichever occurred first. Finally, for all times t, the 
combined fluorescence emission rate of all particles, ntot(t), was 
calculated, and photon-detection events as a function of time were 
simulated with mean interphoton times given by 1/ntot(t). The 
simulated photon trajectories were then analyzed in the same way 
as the measured fluorescence data to obtain the psame(T) curves 
presented in Figure 4b.
np
g
© 
20
15
 N
at
ur
e A
m
er
ic
a,
 In
c.
 A
ll 
rig
ht
s 
re
se
rv
ed
.
Chapter 3
75
doi:10.1038/nmeth.3475NATURE METHODS
Microfluidic mixing. Microfluidic mixing experiments were per-
formed to independently test the unfolding and folding kinetics 
of GB1 determined by recurrence measurements using RASP43. 
Microfluidic devices were fabricated using replica molding in 
poly(dimethylsiloxane) (PDMS) as described previously62. In 
concordance with the RASP measurements, microfluidic experi-
ments were performed at 4 °C. To reach this temperature inside 
the microfluidic mixing device, both the microscope objective and 
the microfluidic device holder62 were cooled to 1.00 °C and 0.25 °C, 
respectively. The actual temperature inside the microfluidic 
channels was confirmed by measuring the fluorescence lifetime 
of a 1 MM rhodamine B solution60 (excitation power, 0.06 MW 
at 532 nm with 20-MHz repetition rate). To minimize surface 
adhesion of fluorescently labeled protein to the channel walls, 
we flushed microfluidic mixing devices with an aqueous solution 
of 0.1 mg/ml PLL(20)-g[3.5]-PEG(2) for 1 h before the actual 
mixing experiment. Refolding experiments were performed in 
the microfluidic mixing device by jumping GB1 from 800 mM 
to 80 mM GdmCl (Supplementary Fig. 9). To determine the 
folding-unfolding rate of GB1 starting from an ensemble biased 
toward the unfolded state, the center inlet of the microfluidic 
mixing device was filled with sample containing 250 pM GB1 in 
50 mM sodium phosphate buffer with 800 mM GdmCl, 140 mM 
B-mercaptoethanol and 0.01% Tween 20, pH 7. Side inlets were 
filled with 50 mM sodium phosphate buffer, pH 7. Application 
of 23.4 kPa and 24.8 kPa to the center and side inlets resulted in 
an average flow velocity of 1 mm/s, a mixing ratio of 1:10, and 
a concentration of 25 pM GB1 in 80 mM GdmCl in the obser-
vation channel. Note that the pressures necessary are substan-
tially higher than those previously reported62 owing to increased 
viscosities at 4 °C, as measured using a digital viscometer 
(DV-I+, Brookfield).
Kinetic series were obtained by acquiring transfer efficiency 
histograms at different positions along the observation chan-
nel, corresponding to different times after mixing. 50 MW of 
excitation power of a 532-nm continuous-wave laser (LaserBoxx 
LMX-532S, Oxxius) were used. Transfer efficiency histograms 
were recorded for 5 min per data point. Three sets of measure-
ments were averaged, and for the estimation of error bars, we 
assumed the uncertainties to be uniformly distributed. Positions 
along the observation channel were converted into times after 
mixing as described previously63. Positions corresponding to 
short times after mixing (up to 50 ms) were accessed using a 
piezo stage combination (P-733.2 and PIFOC, PI) and those for 
longer times were accessed using the manual translation stage 
of the microscope. Histograms were obtained from 2.1 ms to 
377 ms after mixing.
Data analysis. Transfer efficiency histograms. Fluorescence bursts 
from individual molecules were identified by combining succes-
sive photons separated by interphoton times of less than 100 Ms 
and retained as a burst if the total number of photons detected 
was larger than a threshold of 30–50, chosen depending on the 
intensity of the background signal. The background was variable 
during a measurement owing to photobleaching and was quan-
tified by splitting the time traces into short intervals where the 
background could be assumed to be constant. Detected bursts 
from each interval were summed up to construct the final transfer 
efficiency histogram. The transfer efficiency of each burst was 
calculated according to E = nA/(nA + nD), where nD and nA are the 
numbers of donor and acceptor photons, respectively, corrected 
for background in the corresponding interval, acceptor direct 
excitation, channel cross-talk, differences in detector efficiencies, 
and quantum yields of the dyes as previously described64. (Note 
that owing to these corrections, E values >1 and <0 are possible 
in the transfer efficiency histograms.)
For all three proteins investigated here, the ‘donor-only’  
population (i.e., the fraction of fluorescence bursts from mol-
ecules lacking an active acceptor dye with an apparent transfer 
efficiency close to 0) is larger for in-cell measurements than for 
in vitro measurements. Several indications suggest that this signal 
originates from a preferential inactivation of the acceptor dye in 
the cell or from cellular degradation of part of the injected mole-
cules, as follows. (i) The yield of correctly FRET-labeled molecules 
for all samples was >90% (see “Protein expression and labeling”), 
which is reflected by the small donor-only population in in vitro 
measurements (Figs. 1e and 4c and Supplementary Fig. 8). 
(ii) Measurements in noninjected cells analyzed with the 
thresholds of our in-cell measurements yielded a negligible 
signal in the transfer efficiency range of the donor-only peak 
(Supplementary Fig. 14). (iii) The fluorescence lifetime of the 
donor-only population was not significantly different from the 
donor lifetime in extracellular measurements (Supplementary 
Fig. 5), suggesting that the donor-only signal does not originate 
from cellular autofluorescence, which exhibits a different 
lifetime (Fig. 1b and Supplementary Fig. 3). (iv) The lower 
number of fluorescence bursts with a transfer efficiency close 
to 0 upon scanning the sample compared to stationary measure-
ments (Supplementary Fig. 4) indicates the contribution of 
photobleaching to the donor-only population.
Fitting of transfer efficiency histograms. To analyze subpopula-
tions in transfer efficiency histograms, we approximated peaks 
in the histograms with Gaussian (G) and four-parameter log-
normal (L) peak functions for symmetric and asymmetric peaks, 
respectively:
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with E being the transfer efficiency, A the peak amplitude, E0 
the peak position, w the peak width, and a the asymmetry of 
the peak65–67. For fitting more than one peak, the histogram 
was analyzed with a sum of peak functions. In many cases where 
several histograms contained peaks from the same species, 
the peaks were described with a global fit over all histograms, 
with E0, w, and/or a for some subpopulations as shared or 
fixed parameters (amplitudes were never constrained). Where 
necessary, the choice of fixed parameter values was based on 
histograms where the respective peaks were as well defined as 
possible (i.e., separated from other subpopulations and/or with 
the best available statistics, or from recurrence histograms in 
the case of GB1).
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Specifically, transfer efficiency histograms of ProTA (Figs. 1 
and 2 and Supplementary Fig. 13) were fitted using a log-normal 
peak function for the donor-only population with a fixed width 
(0.15) and asymmetry (1.32). These values were chosen to best 
describe the observed shape of the donor-only population. The 
FRET-labeled population was fitted with a Gaussian peak func-
tion without constraints of fit parameters.
Transfer efficiency histograms of frataxin (Fig. 3 and 
Supplementary Fig. 8) were fitted globally using a log-nor-
mal peak function for the donor-only population, with a fixed 
width (0.14 in vitro, 0.2 in vivo), and asymmetry (1.1 in vitro, 1.4 
in vivo); the position was a fit parameter shared by all 
histograms of the respective data set. These values were chosen to 
best describe the observed shape of the donor-only population. 
The unfolded population was fitted with a Gaussian peak func-
tion using the width as a fit parameter shared by all histograms 
in the case of Supplementary Figure 8 and, owing to the lower 
statistics, with a width fixed to 0.09 in case of Figure 3. The folded 
population was fitted with a Gaussian peak function using the 
width as a global fit parameter for all histograms in the case of 
Supplementary Figure 8 and with fixed width (0.09) in case of 
Figure 3. In the case of Figure 3, the position of the native popu-
lation was a fit parameter shared by all histograms (based on the 
assumption that the transfer efficiency of the folded population 
is virtually constant over this temperature range, as in vitro). The 
widths of the unfolded and folded populations in vivo (0.09) were 
chosen on the basis of observations made with ProTA and GB1, 
for which a slight broadening of peaks was observed compared 
to in vitro.
Transfer efficiency histograms of GB1 (Fig. 4 and 
Supplementary Figs. 9 and 10) were fitted globally using a log-
normal peak function for the donor-only and folded populations 
and using a Gaussian peak function for the unfolded population. 
In all cases, the donor-only population was fitted with fixed posi-
tion (−0.03), width (0.14), and asymmetry (1.09). All parameters 
for the donor-only, folded, and unfolded subpopulations (and 
for ProTA in the control) were obtained from globally fitting the 
early-time recurrence histograms of each population without 
any constraints but using p, w, and a of the respective popula-
tions as shared parameters; the results from these fits were used 
to fix the parameters in the remaining recurrence histograms. 
Correspondingly, the unfolded population was fitted with a fixed 
position (0.85) and width (0.08 in vitro, 0.1 in vivo) (based on 
$E = (0.7–0.9) and $T = (0–1 ms)). The native population 
was fitted with a fixed position (1.0), width (0.07 in vitro, 0.09 
in vivo), and asymmetry (0.42 in vitro, 0.63 in vivo) (based on 
$E = (0.95–1.1) and $T = (0–1 ms)). The histograms shown in 
Supplementary Figure 11 were fitted with fixed position (–0.05), 
width (0.13), and asymmetry (1.17) for the donor-only population 
(log-normal peak). The population of ProTA (Gaussian peak) 
was fitted with fixed position (0.43) and width (0.1) (based on 
$E = (0.35–0.55) and $T = (0–5 ms)). The population of GB1 
wild type was fitted with fixed position (1.0), width (0.09), 
and asymmetry (0.76), using log-normal peak functions (based 
on $E = (0.9–1.1) and $T = (0–5 ms)).
Interdye distances and radii of gyration. Dimensions of unfolded/
intrinsically disordered proteins were calculated from the meas-
ured transfer efficiencies as described earlier66. Briefly, the mean 
transfer efficiency, E®, can be expressed as a function of the 
distance dependence of the transfer efficiency, E(r), weighted for 
the dye-to-dye distance distribution, P(r), sampled by the chain,
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where a is the distance of closest approach of the two dyes, lc is 
the contour length of the labeled protein segment, and R0 is the 
Förster radius of the chosen dye pair. To enable a direct compari-
son with previous experiments in vitro32,40,66, we assumed a simple 
Gaussian chain model for the distribution of distances, P(r), 
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where r2® is the mean squared interdye distance. These equations 
were solved for r2® numerically and then converted to the mean 
radius of gyration, Rg, of the chain using
R rg
2 21
6
  ®.
We note that a systematic uncertainty in the Förster radius propa-
gates linearly to r2®1/2 and thus introduces a systematic uncer-
tainty in the absolute values of Rg. However, as we only compare 
measurements between identical samples under different condi-
tions, this contribution is not considered here.
Fluorescence anisotropy values of donor emission of all samples 
were in the range of 0.04–0.11 in vitro and 0.10–0.17 in in-cell 
experiments, as quantified on the basis of the polarization selectiv-
ity of our single-molecule measurements (Supplementary Fig. 6), 
supporting the approximation K2 = 2/3 used for the calculation 
of the Förster radii. Donor fluorescence lifetimes of ProTA in the 
absence of energy transfer resulted in values of 3.8 ns in buffer, 
3.8 ns in the cytosol, and 3.9 ns in the nucleus (Supplementary 
Fig. 5), indicating only minor effects of the respective 
environment on the quantum yield and photophysics of the 
donor dye.
Fluorescence correlation spectroscopy. To extract the 
diffusion time of the labeled proteins, we correlated25 the fluo-
rescence intensity fluctuations measured in FRET experiments 
according to
g
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with i, j = A, D and where ni(0) and nj(T) are the fluorescence 
count rates for channels i and j at time 0 and after a lag time T, 
respectively, and Dni,j = ni,j − ni,j® are the corresponding devia-
tions from the mean count rates. The duration of the single-cell 
FRET measurements allows correlations to be calculated to a 
minimum lag time of 10−5 s, with sufficient photon statistics to 
quantify the photophysics of the triplet state and the translational 
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diffusion time of the molecule through the confocal volume. The 
resulting cross-correlation curves were fitted with68 
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where the term in the numerator describes triplet blinking with 
amplitude cT and a decay time TT. The denominator describes 
the diffusion of a protein through the confocal volume, with NAD 
denoting the mean number of doubly labeled protein molecules in 
the confocal volume, s the ratio of axial over lateral radius of the 
confocal volume, and TD the translational diffusion time.
nsFCS. Donor and acceptor autocorrelation curves and 
cross-correlation curves between acceptor and donor channels 
were calculated as described earlier25,69. The resulting auto- and 
cross-correlation curves were fitted globally up to a delay time 
of 1 Ms using
with i, j = A, D and with N denoting the mean number of proteins 
in the confocal volume. The three multiplicative terms describe 
photon antibunching (AB), chain dynamics (CD), and triplet 
blinking (T) of the dyes. TCD was extracted from the global fit 
of all three correlations (with TCD as a shared fit parameter) to 
quantify chain reconfiguration dynamics of ProTA.
RASP analysis. The fluorescence signal from the first 50 s of 
data acquisition in each cell showed a significant drop in signal in 
both donor and acceptor channels because of photobleaching and 
was excluded from the analysis. The fluorescence bursts identified 
in the remaining 250 s for 61 individual HeLa cells were combined 
and then subjected to RASP analysis. RASP analysis and the calcu-
lation of the psame function from the burst time correlation func-
tion was carried out as described previously43. psame can, under 
equilibrium conditions, be calculated from the time correlation of 
burst events, gbursts(T), by the equation psame(T) = 1 − 1/gbursts(T). 
Inside the cells, however, we observe a decrease of fluorescent 
particle concentration over time caused by photobleaching, which 
means that for a given T, psame(T) is increasing over time. Hence, the 
psame(T) calculated by the equation above from all observed bursts 
is only an average value. Recurrence FRET efficiency histograms 
were obtained by first selecting photon bursts from a small trans-
fer efficiency range ($E = (0.7–0.9) for selecting mainly unfolded 
GB1; $E = (0.95 − 1.1) for selecting mainly folded GB1) and then 
building the FRET efficiency histogram only from bursts detected 
within a short time (the recurrence interval, T; Supplementary 
Fig. 10) after those initial bursts. Systematic variation of the 
recurrence interval allows the kinetics of interconversion between 
the subpopulations to be determined essentially in a model-free 
manner43. Note that the choice of the initial transfer efficiency 
range does not affect the relaxation time but only the amplitude of 
the transient observed43 (Supplementary Fig. 15). The fractions 
of folded molecules from recurrence FRET efficiency histograms 
starting from unfolded ($E1) and folded molecules ($E2) using 
recurrence analysis over a 50-ms time window were fitted with 
a model including the folding-unfolding dynamics of recurring 
molecules, which allows the relaxation time of this process to be 
extracted43. The equilibrium constant was obtained from the ratio 
of unfolded and folded fractions from the total transfer efficiency 
histogram of a RASP measurement (Fig. 4).
Microfluidic mixing. Detected photons were binned into win-
dows of 1 ms, and corrections for background, differences in 
quantum yields of the dyes, detection efficiencies, and cross-talk 
were applied. Bursts were identified using a threshold for the 
total number of detected photons per bin. Given the pronounced 
decrease in flow velocity in the first part of the observation chan-
nel corresponding to the entrance length, the threshold was varied 
as a function of the flow velocity from 21 photons per bin for the 
first recorded data point to 35 photons per bin for longer times 
after mixing to account for the differences in residence time. 
Transfer efficiency histograms show three peaks, corresponding to 
molecules lacking an active acceptor dye, unfolded GB1 (E = 0.86) 
and folded GB1 (E = 0.99), respectively. Histograms were fitted 
globally with a Gaussian and a log-normal peak function for the 
unfolded and folded populations, respectively; peak positions 
and widths were set as shared parameters and amplitudes fitted 
individually. The fraction of folded molecules was calculated 
from the relative area of the folded peak as obtained from the 
fits. The relaxation time of folding was extracted from a single 
exponential fit to the mean of three measurements. The equilib-
rium constant, Keq, for the final conditions was obtained from 
a transfer efficiency histogram of GB1 measured in a cuvette in 
50 mM sodium phosphate buffer with 80 mM GdmCl, 140 mM 
B-mercaptoethanol, and 0.01% Tween 20, pH 7. Keq and the 
relaxation time from the mixing experiment were extrapolated to 
0 M GdmCl using an m-value for folding of 1.5 kcal/mol/M 
and an m-value for unfolding of 0.4 kcal/mol/M. The m-values 
were average values taken from m-values of the single mutants 
F30L and G41A and wild-type GB1 (ref. 56).
Code availability. Data analysis was performed with a custom 
module for Mathematica (Wolfram Research), which is available 
upon request.
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Supplementary Figure 1 
Testing cell integrity after microinjection. 
(a) HeLa cells before injection at pH 7.2, in HBSS buffer. Cells that were to be injected are indicated by a yellow dot. (b) The same cells 
15 min after microinjection of 20 mM sodium phosphate buffer (0.5 bar, 50 ms pulse duration, one injection per cell); only minor 
morphological changes of the injected cells are visible. (c) 40 min after injection; an overlay of a phase contrast image and the 
fluorescence image after addition of propidium iodide to the culture medium shows no signs of cell blebbing or cell death of the injected 
cells. The three red fluorescent spots originate from dead cells already present before injection. (d) 1.5 h after injection; four cells (18% 
of injected cells) formed blebs (indicated by blue arrows), and one dead cell is visible upon propidium iodide staining.
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Supplementary Figure 2 
Nuclear localization of ProTα observed after microinjection. 
(a) FLIM image showing the uniform distribution of ProTα directly after injection of ProTα into the cytosol of three different HeLa cells 
(cell boundaries indicated by dashed lines). Due to differences in injection efficiency, the ProTα concentration in the left cell is slightly 
lower than in the other two cells. (b) 8 min later, an accumulation of ProTα in the nucleus of the middle cell is visible, indicating active 
nuclear transport1. The absence of nuclear accumulation in some cells may be due to cell cycle differences2.
References: 
1. Manrow, R.E., Sburlati, A.R., Hanover, J.A. & Berger, S.L. Nuclear targeting of prothymosin alpha. J. Biol. Chem. 266, 3916-3924
(1991).
2. Martin-Aparicio, E., Avila, J. & Lucas, J.J. Nuclear localization of N-terminal mutant huntingtin is cell cycle dependent. Eur. J.
Neurosci. 16, 355-359 (2002).
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Supplementary Figure 3 
Comparison of fluorescence intensity and fluorescence lifetime images. 
This array of images compares fluorescence intensity and lifetime images of HeLa cells. The same scan is shown in Figure 1b, where 
two cells were injected with fluorescently labeled ProTα (red arrows in (a) and (d)). The upper row shows only fluorescence intensities, 
with (a) showing donor and acceptor channels combined, (b) only the donor channel, and (c) only the acceptor channel. The lower row 
additionally uses the fluorescence lifetime information, with (d) donor and acceptor channels combined, (e) only the donor channel, and 
(f) only the acceptor channel (color code to the right). The comparison illustrates that fluorescence intensity information is sufficient to 
distinguish injected from non-injected cells, but lifetime information can be helpful additionally, e.g. to aid the distinction of fluorescence 
from injected sample and cellular autofluorescence (if differences in lifetimes exist).
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Supplementary Figure 4 
Extracting FRET efficiency histograms of intracellular ProTα from area scans. 
To clarify whether an immobile subpopulation with different conformational properties from freely diffusing molecules was present, the 
confocal volume was scanned over an area of 80 by 80 μm in the cell during data acquisition. (a) Area scan showing HeLa cells after 
injection of FRET-labeled ProTα in the cytosol. The image was recorded with a resolution of 256 x 256 pixels and a scanning speed of 
0.5 pixel/ms. The color of each pixel indicates the fluorescence lifetime. The yellow polygon indicates the area (nucleus of the middle 
cell) where burst detection was carried out. The red dots within the polygon indicate the positions of photon bursts detected during 
scanning, which were used to construct the FRET efficiency histogram in (b). (b) FRET efficiency histogram of ProTα constructed from 
the FLIM image. The average transfer efficiency determined from area scans in the nuclei of three different cells was 0.34 ± 0.03. The 
population at zero transfer efficiency (shaded) originates from molecules lacking active acceptor chromophores. (c) The sum of all 
transfer efficiency histograms of ProTα measured in the nucleus of HeLa cells without scanning shows a transfer efficiency of 
0.35 ± 0.03, indicating the absence of immobile ProTα with a transfer efficiency different from freely diffusing molecules. Note also that 
the lower number of events with a transfer efficiency close to zero in (b) compared to (c) indicates a pronounced contribution of 
photobleaching to the donor-only population. 
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Supplementary Figure 5 
Fluorescence lifetime vs. transfer efficiency histograms of ProTα. 
Transfer efficiency histograms (top) and the corresponding two-dimensional histograms of relative donor fluorescence lifetime (τDA/τD, 
where τDA is the lifetime in the presence and τD in the absence of acceptor) versus transfer efficiency (bottom) of ProTα (a) in the 
extracellular medium; (b) the sum of all histograms measured in the cytosol (n = 8); and (c) in the nucleus (n = 8) of HeLa cells 
incubated in a cell culture medium with I = 156 mM. The dashed line shows the expected relation between the average values of τDA/τD
and transfer efficiency for a fixed distance between the two fluorophores, the solid line the relation for a chain sampling a broad 
distribution of distances corresponding to a Gaussian chain3 (Online Methods). The population of unfolded ProTα is close to the solid 
line in all three cases, indicating that ProTα is rapidly reconfiguring not only in buffer3 but also within the cells. The peaks at zero 
transfer efficiency (shaded) are due to molecules lacking an active acceptor dye and serve as a reference for determining τD. 
Note that the peak at zero transfer efficiency is larger for intracellular (b,c) compared with the extracellular measurement (a), but the 
contribution of intracellular background to the “donor-only” peak is small, as indicated by measurements in non-injected cells 
(Supplementary Fig. 14) and in agreement with the high yields of doubly-labeled protein (Online Methods). Additionally, the absolute 
fluorescence lifetime of this “donor-only” population is not significantly different from the donor lifetime in extracellular measurements 
(3.8 ns in extracellular medium, 3.8 ns in the cytosol, and 3.9 ns in the nucleus) and is thus most likely to be due to a preferential 
inactivation of the acceptor dye by photobleaching (see also Supplementary Fig. 4) or to cellular degradation of part of the injected 
molecules. 
We note that it will be interesting to investigate variations in biomolecular conformation or folding mechanism by positioning the 
observation volume in different regions within the cell or on the plasma membrane (within the spatial resolution of the diffraction-limited 
confocal volume), e.g. for DNA-binding proteins that fold upon binding their target in the nucleus, or for membrane proteins, 
respectively. 
References: 
3. Soranno, A. et al. Quantifying internal friction in unfolded and intrinsically disordered proteins with single molecule spectroscopy.
Proc. Natl. Acad. Sci. USA 109, 17800-17806 (2012).
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Supplementary Figure 6 
Comparison of donor fluorescence anisotropies from confocal single-molecule measurements in vitro and in vivo. 
Donor fluorescence anisotropies for ProTα (labeled with Atto 532/Biotium CF680R), frataxin (Atto 532/Abberior Star 635), and GB1 
(Atto 532/Atto 647N) upon excitation at 520 nm from confocal single-molecule measurements in vitro (in HBSS, histograms and first 
row of donor anisotropy vs. transfer efficiency plots) and in HeLa cells (in vivo, bottom row). The areas shaded in gray indicate the 
donor-only population and were not used for the analysis of the donor anisotropy. The donor anisotropies, r, were calculated for every 
fluorescence burst with a transfer efficiency greater than 0.2 using4-6  
2 1(1 3 ) (2 3 )
p s
p s
n G n
r
L n L G n
− ⋅
=
− + − ⋅
, 
where np,s are the numbers of donor photons in a burst with parallel (p) and perpendicular polarization (s) with respect to the 
polarization of the excitation light; G is a correction factor for differences in detection efficiencies in the parallel and the perpendicular 
donor channels (GAtto532/CF680R = 1.08, GAtto532/AS635 = 1.11, GAtto532/Atto647N = 1.11), and L1,2 are factors correcting primarily for the effect of 
the high numerical aperture lens used for excitation and detection4, 5 (L1 = 0.098, L2 = 0.094)6. Mean anisotropies were calculated by 
combining all photons from bursts with E > 0.2 and calculating r as shown above. 
Donor fluorescence anisotropies in buffer were found to be 0.03 ± 0.02 for ProTα, 0.08 ± 0.02 for frataxin, and 0.11 ± 0.02 for GB1. The 
uncertainties in the values in buffer were estimated by error propagation assuming an uncertainty in G of 5%. Anisotropies in vivo were 
higher than in buffer for ProTα (0.10 ± 0.01, mean and standard deviation from 6 cells) and frataxin (0.17 ± 0.02, mean and standard 
deviation from 10 cells). In the case of GB1, the anisotropy in vivo (0.11 ± 0.01, mean and standard deviation from 10 cells) was not 
significantly higher than in vitro. 
References: 
4. Koshioka, M., Sasaki, K. & Masuhara, H. Time-Dependent Fluorescence Depolarization Analysis in 3-Dimensional
Microspectroscopy. Appl. Spectrosc. 49, 224-228 (1995).
5. Schaffer, J. et al. Identification of single molecules in aqueous solution by time-resolved fluorescence anisotropy. J Phys Chem A
103, 331-336 (1999).
6. Kellner, R. et al. Single-molecule spectroscopy reveals chaperone-mediated expansion of substrate protein. Proc. Natl. Acad. Sci.
USA 111, 13355-13360 (2014).
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Supplementary Figure 7 
Custom-built temperature-controlled holder for cell culture dishes. 
(a) Photograph of the temperature-controlled cell culture dish holder for the intracellular single-molecule FRET experiments. (b) 
Schematic drawing of the holder. (c) Temperature calibration based on the temperature-dependent fluorescence lifetime measurements 
of rhodamine B shows the conversion of the value measured at the sensor in the aluminum block to the actual temperature in the 
confocal volume. Error bars reflect the uncertainty in the fluorescence lifetime measurements used for calibration.
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Supplementary Figure 8 
FRET histograms of Yff1 in HBSS as a function of temperature. 
FRET histograms of Yfh1 in HBSS as a function of temperature showing the heat and cold denaturation and the temperature-induced 
collapse of unfolded Yfh1 in vitro. The dashed red line indicates the position of unfolded Yfh1 at 279 K. The peak at E ≈ 0.85 
corresponds to the folded population, the peak at lower transfer efficiencies to the unfolded population of Yfh1. The peak close to a 
transfer efficiency of zero (shaded) corresponds to a population of molecules lacking an active acceptor chromophore. Solid lines are 
fits with two Gaussian peak functions (for details of the fitting procedure, see Online Methods) corresponding to unfolded and folded 
subpopulations (sum shown as thick solid line). 
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Supplementary Figure 9 
Microfluidic mixing experiment of the folding of GB1 in buffer. 
Microfluidic mixing experiment showing the folding of GB1 after rapid dilution of GB1 in 0.8 M GdmCl to 80 mM GdmCl at 4 °C. The 
error bars along the time axis describe the uncertainty originating from the positioning of the confocal volume along the observation 
channel and the uncertainty in flow velocity. For the uncertainty in the arrival time, we assumed a variation in the flow velocity of 5% 
and an uncertainty of 0.5 µm in positioning the laser focus7. The error bars in ordinate direction indicate the standard deviation of the 
fraction folded from the FRET efficiency histograms of three individual measurements. The insets show an electron microscopy image 
of the microfluidic mixing chamber with the observation channel, the two buffer inlets and the sample inlet channel (left), and 
representative FRET efficiency histograms measured after 2.1 ms and 377 ms, respectively (right). The peak close to a transfer 
efficiency of zero (shaded) corresponds to a population of molecules lacking an active acceptor chromophore. The fraction of unfolded 
GB1 (〈E〉 = 0.85) decreases over time and the fraction of folded GB1 (〈E〉 = 1.00) increases. 
References: 
7. Wunderlich, B. et al. Microfluidic mixer designed for performing single-molecule kinetics with confocal detection on timescales from
milliseconds to minutes. Nat. Protoc. 8, 1459-1474 (2013).
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Supplementary Figure 10 
Recurrence transfer efficiency histograms of GB1 in HeLa cells. 
(a) Recurrence transfer efficiency histograms8 of GB1 measured intracellularly with an initial transfer efficiency range ΔE of 0.7 – 0.9 
(corresponding to the unfolded state), showing the depopulation of unfolded GB1 with increasing recurrence intervals, T. Starting from 
the unfolded state, the increase in the folded-state population at 〈E〉 = 1.00 originates from the increase in the probability of observing a 
folded molecule with increasing time between the first and second observed fluorescence burst due to the folding/unfolding dynamics. 
The peak close to a transfer efficiency of zero (shaded) corresponds to a population of molecules lacking an active acceptor 
chromophore. (b) The conversion of folded to unfolded GB1 is shown in the recurrence histograms with an initial transfer efficiency 
range ΔE of 0.95 – 1.1 (corresponding to the folded state). Starting from the folded state, the increase in the unfolded-state population 
at lower transfer efficiency originates from the increase in the probability of observing an unfolded molecule with increasing time 
between the first and second observed fluorescence burst due to the folding/unfolding dynamics. A global analysis of 61 histograms of 
this type was used for the kinetics shown in Figure 4.
References: 
8. Hoffmann, A. et al. Quantifying heterogeneity and conformational dynamics from single molecule FRET of diffusing molecules:
recurrence analysis of single particles (RASP). Phys. Chem. Chem. Phys. 13, 1857-1871 (2011).
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Supplementary Figure 11 
RASP control measurement with a noninterconverting mixture of ProTα and GB1 wild type (wt). 
To illustrate the results from RASP8 for two species that do not interconvert, a mixture of FRET-labeled ProTα and GB1 wt were co-
injected into HeLa cells. (a) FRET efficiency histogram of a mixture of 20 pM ProTα and 20 pM GB1 wt in HBSS, pH 7.2, measured for 
15 h at 4 °C, with recurrence histograms of GB1 wt (red, initial E range ΔE = (0.9 – 1.1)) and ProTα (cyan, initial E range ΔE = (0.35 –
 0.55)), both within a recurrence interval of T = (0, 1 ms). The peak close to a transfer efficiency of zero (shaded) corresponds to a 
population of molecules lacking an active acceptor chromophore. (b) Recurrence analysis indicates that changes in the fraction of 
folded molecules with increasing delay times are only due to the occurrence of “new” (i.e. non-recurring) molecules, as shown by the 
coincidence between a global fit of the data with a model8 including both folding and unfolding of recurring molecules and the 
appearance of new molecules (solid line) and the changes expected from the arrival of new molecules alone (dashed lines). (c) The 
same behavior was found with GB1 wt and ProTα injected into HeLa cells (red and cyan, respectively, with the same initial E ranges as 
in (a)). The total E histogram was constructed from measurements in 51 individual cells with a total measurement time of 2.8 h. (d) 
Similar to the finding in buffer, no interconversion between the two populations was observed but only changes due to the arrival of new 
molecules. 
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Supplementary Figure 12 
Example of a HeLa cell showing membrane protuberances after microinjection. 
Fluorescence intensity scan of a HeLa cell microinjected using too high a pressure. One injection with a pressure of 1 bar and a pulse 
duration of 50 ms was applied to inject a solution of fluorescently labeled ProTα. The formation of membrane protuberances after 
injection (indicated with white arrows) clearly indicates that the applied pressure was too high or the pulse duration too long. Injection 
settings were chosen in order that the formation of such protuberances did not occur but sufficient fluorescently labeled sample was 
injected. 
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Supplementary Figure 13 
Change of the FRET efficiency distribution during a measurement in a single cell. 
A single-molecule FRET measurement in a HeLa cell after injection of fluorescently labeled ProTα into the cytosol was split into two 
halves. The FRET efficiencies of doubly labeled ProTα (transfer efficiency of 0.33 to 0.35) are constant within uncertainty during the 
measurement in the cytosol of a single cell. 
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Supplementary Figure 14 
Cellular autofluorescence makes a negligible contribution to FRET efficiency histograms in microinjected cells. 
The contribution of cellular autofluorescence was investigated by performing single-molecule FRET measurements in non-injected 
cells. (a,c) Fluorescence recordings of donor (green) and acceptor emission (red) with 1-s time binning, acquired in the cytosol (a) and 
nucleus (b) of HeLa cells that had not been injected with fluorescently labeled protein. (b) FRET efficiency histograms from the 
measurement in the cytosol of a non-injected cell (a), with different thresholds (20 – 50 photons per burst) for burst detection applied. 
(d) FRET efficiency histograms from the measurement in the nucleus of a non-injected cell (c). In both cases, above a threshold of 30 
(the minimum threshold used for injected cells), the number of bursts due to cellular autofluorescence is small and their contribution to 
the FRET efficiency histograms measured in injected cells is therefore negligible.
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Supplementary Figure 15 
Choosing different initial transfer efficiency intervals for recurrence analysis (RASP) does not affect the observed relaxation dynamics. 
To illustrate that the kinetics obtained from recurrence analysis is independent of the choice of initial transfer efficiency intervals, as 
expected from theoretical considerations8, we calculated the fractions of folded intracellular GB1 from recurrence FRET efficiency 
histograms analogously to the curves shown in Figure 4f but with a broad range of different initial transfer efficiency intervals, from 
bottom to top: ΔE = (0.6, 0.8), (0.65, 0.85), (0.7, 0.9), (0.75, 0.95), (0.8, 1.0), (0.85, 1.05), (0.9, 1.1), (0.95, 1.15), and (1.0, 1.2). All data 
(noisy curves) can be described with one relaxation time of 12 ms (smooth lines), the value we obtained from the analysis of the data 
shown in Figure 4f, where the intervals were ΔE = (0.7, 0.9) and ΔE = (0.95,1.1). 
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Supplementary Table 1 
Amino acid sequences of prothymosin alpha (ProTα), the IGG‐binding domain of protein G 
(GB1), GB1 wildtype (GB1 wt), and the yeast frataxin homolog Yhf1. 
The labeling positions are indicated in underlined boldface. 
1  11  21 31 41 
ProTα  GP  CDAAVDTSSE  ITTKDLKEKK EVVEEAENGR DAPANGNAEN  EENGEQEADN
(S1C/E56C)  51 61  71 81 91 
EVDEECEEGG  EEEEEEEEGD GEEEDGDEDE EAESATGKRA  AEDDEDDDVD
101
TKKQKTDEDD 
1  11  21 31 41 
Yhf1  MESSTDGQVV  PQEVLCLPLE KYHEEADDYL DHLLDSLEEL SEAHPDCIPD 
(V1M/N16C/  51 61  71 81 91 
S120C)  VELSHGVMTL  EIPAFGTYVI NKQPPNKQIW LASPLSGPNR  FDLLNGEWVS
101 111 121
LRNGTKLTDI  LTEEVEKAIC KSQ
1  11  21 31 41 
GB1  GAM  GCYKLILNGK  TLKGETTTEA VDAATAEKVL KQYANDNGVD  AEWTYDDATK
(Q2C/F30L/  51
G41A/T55C)  TFTVCE 
1  11  21 31 41 
GB1 wt  GAM  GCYKLILNGK  TLKGETTTEA VDAATAEKVF KQYANDNGVD  GEWTYDDATK
(Q2C/T55C)  51
TFTVCE 
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Protocol for microinjection of fluorescently labeled proteins 
into adherent mammalian cells for single-molecule FRET 
spectroscopy 
Iwo König1 & Ben Schuler1 
1Department of Biochemistry, University of Zurich, Zurich, Switzerland 
Abstract 
We have recently shown that microinjection is a reliable and efficient way to deliver 
fluorescently labeled proteins into living mammalian cells for single-molecule FRET 
spectroscopy. The following protocol gives a detailed description of how fluorescently 
labeled proteins are microinjected into HeLa cells, how in-cell data are recorded, and 
how they are analyzed (Fig. 1). 
Fig. 1: Overview over the process of measuring single-molecule FRET in live cells. The process 
consists of microinjection (a), analyzing injected cells by fluorescence imaging (b), measuring single-
molecule fluorescence data (c), and analyzing the data to obtain e.g. FRET histograms (d). 
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Introduction 
Microinjection is a powerful tool to deliver suitable amounts of fluorescently labeled 
proteins into living mammalian cells to perform single-molecule fluorescence 
measurements. Here, we provide a step-by-step protocol for microinjecting and 
measuring FRET-labeled proteins in adherent mammalian cells. This protocol 
provides a more detailed description on the basis of the recently published methods 
paper (1), with the aim to perform single-molecule FRET, FCS, and nanosecond-FCS 
(nsFCS) measurements in living cells. The main steps consist of cultivating adherent 
mammalian cells, preparing the sample and the microinjection devices, performing 
microinjections and single-molecule FRET measurements, and the data analysis. It is 
assumed that the experimenter is aware of how to operate a confocal single-
molecule fluorescence microscope and analyze the data, and that a suitable purified 
sample labeled with fluorescent dyes is available (2). 
Overview of the procedure 
1) Cultivation of cells and seeding into microscopy dishes (1 h, overnight
incubation)
2) Preparation of the microscope and the microinjection device (Fig. 2) (0.5 h)
3) Sample and microinjection capillary preparation (1 h)
4) Sample injection and in-cell measurements (6 – 10 h)
5) Data analysis (~5 h)
Fig. 2: The complete assembly for microinjection consisting of the inverted microscope, a pneumatic 
injector, and a micromanipulator with joystick for controlling the position of the capillary. 
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Materials 
Fluorescently labeled protein 
– Site-specifically labeled protein, with a dye-pair suitable for FRET and excitation
wavelengths at or above ~520 nm, e.g. Atto 532 or Cy3B as a donor in
combination with Biotium CF680R, Abberior Star 635, or Atto 647N as an
acceptor. Comment 1
Cell culture 
– Adherent mammalian cells such as HeLa cells (American Type Culture
Collection). Comment 2
– 75 cm2 tissue culture flasks (TPP)
– A suitable cell culture medium without phenol red, e.g. Dulbecco’s Modified Eagle
Medium (DMEM, Invitrogen), supplemented with 10% fetal calf serum (FCS,
Bioconcept Amimed), 100 units/ml penicillin, and 0.1 mg/ml streptomycin (Sigma)
– Phosphate buffered saline (PBS, Sigma)
– Hanks’ balanced salt solution (HBSS, Sigma)
– 0.5 g/l trypsin and 0.2 g/l EDTA solution (Sigma) for cell detachment
– 35-mm glass-bottom microscopy dishes (Ibidi)
– 0.01% poly(l-lysine) solution (PLL, Sigma)
Instrumentation for microinjections 
– Xenoworks (Sutter Instrument) or similar microinjection system
– Custom-built microinjector or suitable commercial system, e.g. Picospritzer III
(Parker) or Femtojet (Eppendorf)
– Femtotips II (Eppendorf) or equivalent microinjection capillaries
– Microloader tips (Eppendorf)
– 1 mg/ml poly(l-lysine)-graft-poly(ethylene glycol)57 (PLL(20)-g[3.5]-PEG(2),
SuSoS)
– 0.1% Tween 20 (Pierce)
Instrumentation for in-cell FRET/FCS measurements 
– Confocal single-molecule instrumentation, e.g. MicroTime 200 (PicoQuant), using
an inverted microscope body (e.g. Olympus IX71 with an Olympus UplanApo
60×/1.20W objective)
– Suitable excitation source, e.g. 20-MHz supercontinuum laser (SC-450-4,
Fianium) in combination with a 520/15 band-pass filter (Chroma Technology) or
532-nm continuous-wave laser (LaserBoxx LMX-532S, Oxxius)
– LP532 long-pass filter (Chroma Technology)
– 100-μm confocal pinhole
– Polarizing beam splitter
– 635DCXR dichroic mirrors (Chroma Technology)
– ET585/65m donor filters (Chroma Technology)
– LP647RU and HC750/SP acceptor filters (Chroma Technology)
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– τ-SPAD avalanche photodiodes (PicoQuant) or SPCM-AQR-15 single-photon
avalanche diodes (PerkinElmer).
– HydraHarp 400 counting module (PicoQuant)
– Piezo stage combination (P-733.2 and PIFOC, Physik Instrumente GmbH) or
equivalent type of 3D scanning
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Procedure 
Cultivating cells 
1) Keep cells in culture in 75 cm2 tissue culture flasks in humid atmosphere at 37
°C and 5% CO2, using phenol-red free culture medium supplemented with
FCS and penicillin/streptomycin.
Caution: Test cell cultures for the presence of mycoplasma, e.g. using the
MycoAlert mycoplasma detection kit (Lonza)!
2) Subculture cells when approximately 80% confluency is reached using trypsin-
EDTA for cell detachment.
Preparation of cells for microinjection 
3) Clean as many 35-mm glass-bottom microscopy dishes as needed by rinsing
them twice with sterile PBS to remove impurities on the glass surface.
4) Seed ~2×105 cells in 4 ml phenol red–free culture medium into a 35-mm glass-
bottom microscopy dish and incubate overnight (37 °C, 5% CO2).
Caution: 100 % confluency results in fast cell detachment during injections.
The best cell adherence was achieved at 50 – 70 % confluency.
Caution: To improve cell adherence, the glass surface of the microscopy
dishes can be pre-coated with 0.01% PLL solution for 10 min, followed by two
washing steps with sterile H2O.
5) Prior to single-molecule measurements, aspirate the medium and wash the
cells twice with the buffer of choice (measurement buffer).
6) Cover the cells with 3 ml measurement buffer.
Critical step: Choose a buffer that supports the cells with nutrients for the
duration of the experiment. However, the buffer should not contribute to the
fluorescence background (e.g. originating from phenol red or fetal calf serum),
and the buffer components should not interact with the sample molecules (e.g.
conformational changes of the protein upon binding of Ca2+ or Mg2+ present in
the buffer). For longer-term measurements, heat the sample environment to
37 °C and, if necessary (especially for carbonate-based buffer), provide 5%
CO2 atmosphere to avoid changes in pH.
Preparation of sample and capillaries for microinjection 
7) Dilute labeled protein into measurement buffer (+ 0.001 % Tween 20 to
minimize surface adhesion in capillary) to a final concentration of ~20 –
100 nM.
Critical step: Choosing a suitable concentration depends on the properties of
the protein and needs to be optimized for every protein individually. Single-
molecule FRET measurements require ~20 – 50 nM initial sample
concentrations, nsFCS measurements ~50 – 100 nM.
8) Dispense 5 μl of sample into a FemtoTip II capillary using Microloader tips.
Caution: If you work with proteins that stick to glass surfaces, prior coating of
the FemtoTip capillary might be required. Incubate the capillary with 10 μl of a
1 mg/ml PLL-PEG solution for 10 min, followed by rinsing with H2O.
9) Mount the loaded capillary on the micromanipulator (Fig. 3).
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Fig. 3: Micromanipulator with mounted capillary and glass-bottom microscopy dish. A narrow light 
beam from the condenser can be used to aid positioning the tip of the capillary and localizing the 
needle with the binocular eyepiece. 
Testing the integrity of the injection capillary and the sample (‘stream test’) 
10) Place a microscopy dish, filled only with measurement buffer, on the
microscope and focus with the objective to approximately 5 – 10 μm above the
glass surface.
11) Position the tip of the capillary above the objective lens. A narrow light beam
from the condenser, with the aperture maximally closed, can be used as a
guide.
12) Immerse the tip of the capillary in the measurement buffer with the
micromanipulator and use the binocular to find the shadow of the capillary.
When the capillary is in the field of view, move it downwards until the tip is
close to the glass surface, which is when the tip gets into focus.
Caution: Use the joystick in a coarse gear to find the capillary, to immerse it
into the measurement buffer, and to move it into the field of view. Switch to a
finer gear for moving the tip into focus to avoid breaking it by collision with the
glass surface.
13) Set the pressure of the injector to 2-3 bar and the pulse duration to 50 ms (Fig.
4).
14) Inject several times into the measurement buffer and check whether the
capillary releases sample into the measurement buffer. Indications for an
intact capillary can be, e.g., the ejection of an initial air bubble from the needle
or a shadow of the stream due to a refractive index mismatch with the
surrounding medium.
Critical step: The tip of the capillary is easily blocked. To unblock it, gently
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move the tip of the capillary across the glass surface while constantly pushing 
the inject button at the injector until sample starts to flow. 
15) Use the crosshair in the binocular eyepiece to position the tip of the needle to
the side of the confocal volume to ensure that the sample stream will be
ejected towards the confocal observation volume.
Caution: The needle should be positioned sufficiently far away from the focus
(~50 μm) to ensure that the flow does not influence the diffusion time of the
labeled molecules determined by FCS.
16) Reduce the injection pressure to 0.5 bar.
Fig. 4: The custom-built injector. The pressure of the pulse can be set with the valve on the left side. 
The timer at the right allows the duration of the pressure pulses for injections to be set. Analogous 
settings are available in commercial injection systems. 
17) Set the intensity of the excitation laser to 50 μW, measured at the back-
aperture of the microscope, and open the detectors. Comment 3
18) Start recording data and inject sample several times into the measurement
buffer until fluorescence bursts are detected.
19) Continue injecting for a total of ~3 min. Inject with a low pressure (0.5 bar) to
maintain a frequency of bursts in the single-molecule regime (i.e., baseline-
separated bursts).
20) Analyze the resulting transfer efficiency histogram to check the integrity of the
sample (Fig. 5). Comment 4
Fig. 5: Example of a FRET efficiency histogram obtained from a stream test, where fluorescence 
bursts were recorded for 3 min. The acceptor-inactive population (〈𝐸〉 ≅ 0) and the doubly labeled 
population (〈𝐸〉 ≅ 0.35) were fitted with a log-normal and a Gaussian peak function, respectively. 
Chapter 4 
108 
Microinjection into cells 
21) Mount a microscopy dish with adherent cells and move the injection capillary
into focus (steps 10 – 12).
22) Set the injection pressure to 0.5 bar and the pulse timer to 50 ms.
23) Inject several times into the buffer to rinse the capillary.
Caution: Rinsing is needed because of a steady flux of measurement buffer
into the needle due to capillary forces or hydrostatic pressure.
24) Move the tip of the capillary to a position above the cytosol or nucleus of a cell.
25) Move the capillary downwards until the cell membrane starts to deform visibly.
26) Inject once by triggering the injector and observe the cell. If the cell inflates
during the pressure pulse and deflates rapidly afterwards, injection was
successful. Inject ~3 – 5 cells at once to optimize the experimental throughput.
Caution: If spherical extrusions of the cell membrane (or even cell rupture)
are observed after injection, the pressure and/or the duration of the injection
pulse must be decreased until full recovery of the cell shape after injection is
attained. Once the injection settings are optimized for a given sample and cell
type, they can usually be used for the entire series of injections.
Single-molecule FRET/FCS measurements 
27) For choosing the optimal position of the confocal detection volume in the cell,
first scan the injected cell in the XZ or YZ plane using the Piezo stage
(fluorescence lifetime (FLIM) or fluorescence intensity image). Then set the
axial (Z) position of the focus ~1 – 3 μm above the glass surface, but still
within the cell.
Caution: Switch on the laser only during scans or measurements to reduce
bleaching of the injected protein. It is usually sufficient to scan the cells with
reduced laser power, e.g. using an OD 1 filter.
28) Subsequently perform an XY scan of the injected cells to identify and set the
lateral (XY) position of the focus within the cell. Comment 5
Caution: Do not choose very bright regions in the cell for a measurement,
since cellular background is likely to dominate the overall signal in these areas
(fluorescence of injected sample and cellular components can often be
distinguished by FLIM (1)); additionally, there is the risk of saturating the
detectors.
29) Acquire data for ~3 min at the position chosen.
Caution: If there are still fluorescent bursts detected after 3 min, the
measurement can be continued until most of the injected protein molecules
are photobleached.
Data analysis – FRET efficiency histograms 
In principle, in-cell data are analyzed in the same way as regular measurements 
on freely diffusing molecules in buffer solution, but one should consider the 
following points: 
30) Split the time trace into short segments where the background can be
assumed to be approximately constant (Fig. 6).
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Fig. 6: Example of an intracellular single-molecule FRET measurement after injection of labeled 
proteins. (a) Fluorescence recording of a cytosolic single-molecule FRET measurement with 1-s time 
binning. The trace is split into segments A – F at 5 s, 10 s, 20 s, 40 s, and 80 s to create sections with 
almost constant background. (b) Blow-up of the fluorescence recording of segment B (5 – 10 s) with 1-
ms binning showing background-separated fluorescence bursts. (c) FRET efficiency histograms of 
segments A – F. (d) Histograms A – F were summed up to obtain the final FRET efficiency histogram 
from one single cell. The populations were fitted according to Comment 5. 
31) Identify fluorescence bursts in every segment by binning the recording with a
bin with of 1 ms and using a threshold of ~40 to ~100 photons/bin after
background (average signal without detected bursts) subtraction, depending
on the intensity of the background signal in the respective section, and
combine contiguous identified bins.
32) Build a transfer efficiency histogram from the combined bursts of the individual
segments.
33) Analyze the histogram as required, e.g. by fitting with suitable peak functions
for individual subpopulations. Comment 6
Data analysis – FCS 
34) Correlate the data from the stream test of the capillary (1) to a minimum time
of ~10-5 s and fit the donor-acceptor cross-correlation (which is specific for
FRET-labeled molecules) to obtain the diffusion time in buffer.
35) Correlate the measured intracellular data and analyze the donor-acceptor
cross-correlations accordingly to obtain the intracellular diffusion times. The
comparison of the correlation curves and the translational diffusion times
enables an assessment of diffusion in the cell versus the medium and
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provides an additional cross-check that the confocal volume was correctly 
positioned inside the cell. 
In-cell nsFCS measurements 
36) Load the capillary with a sample containing ~50 to ~100 nM labeled protein
and inject cells as described above (steps 7 – 9, 21 – 26).
37) Scan the injected cells with a low laser power to locate the injected cells and
position the laser focus (steps 28 - 29).
38) Change to T2 mode and unplug the sync cable.
39) Record data for 2-3 min and repeat in other injected cells until sufficient
statistics are available (at least a total measurement time of ~2 h, e.g. 40 – 50
individual cells).
Data analysis – nsFCS 
40) Correlate the measured data as described earlier (1, 3, 4).
41) Average only data from cells where the correlation curve shows a good signal-
to-noise ratio (indicated e.g. by the visibility of the antibunching component at
τ = 0 ns).
Comments 
1) Fluorescent dyes for in-cell single-molecule experiments should be chosen
according to their availability for site-specific labeling (e.g. maleimide or
succinimidyl chemistry) and their photophysical (photostability and brightness)
and chemical (hydrophobicity) properties. Ideally, the dyes should not interact
attractively with the protein or with the intracellular environment, which would
reduce the rotational mobility of the dyes on the protein and affect protein
stability and/or the translational mobility of the sample in the cell. Especially
very hydrophobic dyes such as Atto 647N, which binds to mitochondria (5),
should be avoided or need to be tested carefully for each individual case. So
far, dye pairs such as Atto 523/Biotium CF680R or Cy3B/Biotium CF660R
showed good performance in terms of photophysical properties and the
absence of unwanted interactions with the sample or the intracellular
environment.
2) Any type of adherent cells suitable for microinjection can be used, ideally
growing in a culture medium without phenol red. If long-term growth in media
without phenol red is not feasible, the cells should be washed 3 times with a
medium without phenol red before the experiment to reduce background
fluorescence.
3) Either pulsed or continuous wave (cw) excitation can be used for in-cell
experiments. Pulsed excitation has the advantage that fluorescence lifetimes
can be obtained from every measurement. Also, the combination with a red
laser for acceptor excitation enables alternating excitation of the donor and the
acceptor dye (e.g. PIE (6) or ALEX (7)). However, with pulsed excitation,
especially the acceptor fluorophores tend to photobleach faster than with cw
excitation, resulting in an increased donor-only population and less FRET-
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active molecules. Cw excitation can thus be preferable to minimize 
photobleaching and obtain brighter fluorescence bursts. 
4) Interactions of FRET-labeled proteins with glass surfaces can lead to an
inactivation of the acceptor fluorophore (for currently unknown reasons). It can
thus happen that initially no acceptor photons are detected during the stream
test. This complication can be overcome by either injecting more sample into
the measurement buffer until acceptor photons appear, or by coating the
capillary surface, e.g. with PLL-PEG, to further reduce surface interactions of
the sample.
5) Immobile FRET-labeled molecules can be detected and localized by scanning
injected cells (1). However, the subsequent analysis of the fluorescence
intensity or fluorescence lifetime images (FLIM), to obtain, e.g., FRET
efficiencies, requires that the spatially heterogeneous contribution of
fluorescence background can be corrected accurately.
6) If necessary, fit parameters, e.g. the peak width, can be fixed or constrained to
fit the histogram appropriately. The transfer efficiency histograms of ProTα in
cells shown here were fitted using a log-normal peak function for the donor-
only population with a fixed width (0.15) and asymmetry (1.32) and a Gaussian
peak function for the doubly labeled population, without any constraints (1).
These values were chosen to best describe the observed shape of the
populations for the entire set of single-cell histograms.
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Abstract 
The interior of a cell is crowded with macromolecules such as proteins and nucleic 
acids. It is expected that the presence of high concentrations of crowders influence 
protein stabilities and conformations. Intrinsically disordered proteins (IDPs) are 
particularly susceptible to changes in the environment because of their lack of a 
folded structure and their correspondingly flat free energy surfaces. We have recently 
shown that IDPs adopt more compact dimensions in highly crowded solutions in vitro. 
However, no such effects were observed in live mammalian cells under usual cell 
culture conditions. To vary the degree of crowding, we thus reduced the cell volume 
by osmotic shock and used the IDP prothymosin ɑ (ProTɑ) as a crowding sensor. In 
the cytosol of crowded cells, ProTɑ indeed exhibited a slight compaction, and its 
translational diffusion was much slower than in cells under physiological conditions. 
Its chain reconfiguration dynamics, however, were similar in both cases. These 
results, combined with in vitro experiments using artificial crowders and cellular 
protein concentration measurements, allowed us to conclude that the cytosol of 
commonly used eukaryotic cell lines is less crowded than commonly assumed and 
enabled us to quantify the length-scale dependent influence of the intracellular 
environment on the dynamics and dimensions of ProTα. 
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Introduction 
Most of what we know about protein conformations and dynamics was discovered by 
studies carried out under chemically defined conditions in the test tube. However, 
there is a great interest in the effect of the intracellular environment on proteins and 
other biomolecules. The inside of a cell is commonly assumed to be highly crowded 
with metabolites and macromolecules such as proteins, nucleic acids or 
polysaccharides (1, 2). Previous in vitro experiments and simulations have shown 
that especially crowding due to high concentrations of macromolecules can affect 
protein conformations, dynamics or folding kinetics (3-6). Studying these effects 
directly in living cells is difficult because of the complexity of the cellular environment. 
Several methods have been established to observe proteins in living cells, such as 
fluorescence recovery after photobleaching (FRAP) (7), ensemble Förster resonance 
energy transfer (FRET) measurements (8) or nuclear magnetic resonance (NMR) 
spectroscopy (9). These methods, however, average over an ensemble of many 
proteins and cells. Recent developments in single-molecule fluorescence 
spectroscopy have enabled the investigation of single proteins in bacteria (10) and in 
eukaryotic cells (11-13). 
 
Our recently developed approach to perform single-molecule fluorescence 
spectroscopy in living mammalian cells (13) has allowed us to determine dimensions 
and dynamics of intrinsically disordered proteins (IDPs) and other proteins by 
performing FRET measurements and fluorescence correlation spectroscopy (FCS) in 
the cytosol and the nuclei of adherent mammalian cells. We found that the 
intracellular environment had a surprisingly small effect on the dimensions and 
dynamics of the small acidic IDP prothymosin ɑ (ProTɑ), on the folding kinetics of the 
IgG-binding domain of protein G (GB1), and on the conformational stability of frataxin 
(13). These findings were in contrast to the generally invoked picture of a heavily 
crowded cellular environment (14). A broad range of intracellular concentrations of 
macromolecules were reported in the past, from 300 - 400 mg/ml in E. coli (1) to 50 – 
200 mg/ml in eukaryotic cells (2, 15). It is thought that macromolecular 
concentrations in this range can have a pronounced influence on protein stabilities 
and dimensions of IDPs and unfolded proteins (16). Several research groups have 
tried to address this question experimentally. Boersma et al. (17), e.g., investigated 
an alpha-helical hinge protein, tagged with fluorescent proteins, which showed 
significant compaction in E. coli and HEK cells. On the other hand, no significant 
influence of the cytosol of HeLa cells on the dimensions of fluorescently labeled and 
injected polyethylene glycol (PEG) was observed by Gnutt et al. (18). Other studies 
reported a dominant role of attractive interactions between cytosolic macromolecules 
and the sample for modulating the stabilities of different proteins, whereas the 
contribution of excluded volume effects was negligible (19-21). 
 
IDPs are expected to be particularly susceptible to conformational changes induced 
by crowding or other intracellular interactions, owing to their flat and comparatively 
featureless free energy surfaces (22). It is thus surprising that no such crowding 
effects were observed for ProTα in live eukaryotic cells (13), even though previous 
observations in vitro had revealed a pronounced compaction of ProTα in crowding 
experiments with PEG (23). This discrepancy raises the question of whether 
intracellular crowding is less pronounced than expected and how cellular effects 
compare to in vitro experiments with artificial crowders. Here, we use the intrinsically 
disordered protein ProTɑ as a FRET-sensor for intracellular crowding by employing 
single-molecule fluorescence techniques in live mammalian cells. Owing to its large 
Chapter 5 
117 
negative net charge of -44, ProTɑ is very expanded and attractive interactions with 
cellular components were found to be negligible (13), making it an ideal molecule for 
probing nonspecific excluded volume effects. By measuring dimensions and the 
diffusional behavior of the IDP in cells at physiological conditions and in osmotically 
contracted cells, we tried to shed light on the question of how crowded the inside of a 
eukaryotic cell actually is. 
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Results and Discussion 
ProTɑ was site-specifically labeled with the fluorescent dyes Atto 532 and Biotium 
CF680R and microinjected into live HeLa cells (Fig. 1a). Under physiological 
conditions, ProTɑ diffused freely through the cytosol and nucleus of injected cells. 
ProTɑ has a C-terminal nuclear localization signal (24, 25), which led to an 
accumulation of fluorescence in the nucleus of injected cells within 10 – 20 minutes 
(Fig. 1b). As shown previously, ProTɑ does not exhibit significant attractive 
interaction with the intracellular environment (13), making it an ideal candidate for 
probing generic crowding effects in cells. Compared to in vitro conditions, the 
dimensions of ProTα were unchanged upon injection into the cells, but translational 
diffusion was slower by a factor of ~2 in the cytosol and nucleus, as expected from 
an increased intracellular viscosity. These observations suggest that crowding effects 
under the usual near-physiological growth conditions of HeLa cells are too small to 
induce detectable changes in ProTα dimensions. In previous crowding experiments 
in vitro, however, ProTα exhibited significant compaction even in the presence of a 
few percent volume fraction of PEG. Even moderate changes in intracellular 
concentrations might thus be sufficient for reaching a regime where crowding effects 
on ProTα become detectable. 
 
To increase intracellular crowding, HeLa cells were thus subjected to an osmotic 
shock using PEG 400, an uncharged hydrophilic polymer that cannot cross the 
membrane (26). Upon addition of 20 % PEG 400 in the extracellular medium, a 
collapse of the adherent cells (Fig. 1c) by approximately 50 % was observed within 
less than 2 min, and the contraction was stable for at least 30 min (Fig. 1d). Injection 
of ProTɑ into the osmotically shocked cells showed that the altered intracellular 
environment influenced the dimensions and dynamics of the IDP, reflected by an 
increase in transfer efficiency of ProTɑ. The mean transfer efficiency of ProTɑ 
increased from 0.34 ± 0.01 in the cytosol of cells under physiological conditions to 
0.39 ± 0.02 in the cytosol of crowded cells (Fig. 2a), corresponding to a change in 
radius of gyration (Rg) of ~10 % (Fig. 2d). The strongest effect of the crowded 
intracellular environment was observed on the translational diffusion of ProTɑ. The 
diffusion time (τd) of ProTɑ in the crowded cytosol was 4.6-times slower (6.9 ms ± 1.9 
ms) than in the cytosol at physiological conditions (1.5 ms ± 0.2 ms) (Fig. 2b and 2d). 
Surprisingly, the physiological and crowded cytosol had a comparable effect on the 
chain dynamics of ProTɑ (Fig. 2c). In both cases, the chain reconfiguration times are 
approximately 2.3-times slower than in vitro (80 ns ± 11 ns at physiological 
conditions, 82 ns ± 13 ns in the crowded cytosol) (Fig. 2d). 
 
These results lead to two conclusions: First, the concentration of macromolecules in 
the cytosol of HeLa cells under physiological conditions is so low that it impedes 
diffusion of ProTɑ only very little and has no detectable effect on the dimensions of 
the IDP. We thus analyzed the protein concentrations in several cell lines (Tab. 1) 
and found total protein concentrations between 64 and 123 mg/ml, within the range 
previously reported for eukaryotic cells (2, 15). As revealed by experiments where 
only cytoplasmic proteins were quantified, the concentration of soluble cytosolic 
proteins, however, was much lower (25 mg/ml in HEK 293-F cells). This result was 
not unexpected, since a lot of the intracellular proteins are membrane-associated 
(27-29). Second, we concluded that the influence of the intracellular environment on 
the dynamics and dimensions of proteins is highly length-scale dependent. We found 
a small effect of the cytosol on the chain dynamics and dimensions of ProTɑ both for 
physiological and crowded cells (Fig. 2d), properties for which the relevant length-
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scales are in the sub-nanometer (chain dynamics) or low nanometer regime 
(dimensions). The largest effect was observed for translational diffusion, where the 
relevant length-scale is in the micrometer regime, determined by the size of the 
observation volume of the confocal microscope. 
 
To further investigate the length-scale dependence, we injected two other molecules 
with very different sizes into HeLa cells: the fluorophore Atto 532 (Mw = 900 Da, Rh = 
~0.5 nm) and the homotetrameric protein β-glucuronidase (GUS; Mw = 280 kDa, Rh = 
5.1 nm) labeled with Atto 532 (Fig. 3a). ProTɑ (Rh = 4.4 nm) and GUS have a similar 
Rh in spite of their large difference in molecular mass because GUS is a globular 
folded protein, whereas ProTɑ is completely unstructured and thus expanded (30). 
Upon injection into HeLa cells, Atto 532 exhibited a similar relative slowdown in 
translational diffusion as ProTɑ: In the cytosol under physiological conditions, 
diffusion was 1.7-times slower than in vitro (ProTɑ: 1.6-times slower) (Fig. 3b), 
whereas in crowded cells, the diffusion was 7.6-times slower (ProTɑ: 7.3-times 
slower). In contrast, GUS diffuses 2.8 times more slowly in the cytosol and 15 times 
more slowly in the crowded cytosol. The similarity in translational diffusion of Atto 532 
and ProTα combined with the dissimilarity of GUS and ProTα suggests that the IDP 
can move through a crowded environment much more efficiently than the rigid 
protein GUS, most likely by reptation through the meshwork of entangled 
macromolecules. 
 
To assess the influence of the size of crowders on the diffusional behavior of 
proteins, we quantified translational diffusion of ProTɑ in vitro in the presence of 
different PEGs and Ficoll (Fig. 4a). Ethylene glycol (EG) and short PEGs, such as 
PEG 400, resulted in only little retardation in solutions of up to 20 % (w/v) crowder. 
Larger PEGs reduced diffusion approximately 6-fold with PEG 6000 and 9-fold with 
PEG 35’000 at concentrations of ~20 % (w/v). The diffusivity of ProTɑ in PEG 
solutions was analyzed by assuming a depletion layer around the protein, which 
determines how fast translational diffusion is in relation to the size and viscosity of 
the crowder (31) (solid lines, Fig. 4a). This approach described the crowder 
concentration dependence of the diffusion of ProTɑ in solutions with the linear 
polymer PEG and branched Ficoll 70/400 relatively accurately. However, the 
apparent radius of ProTɑ had to be adjusted to a value smaller than the 
hydrodynamic radius measured in dilute solution (Rh = 1.8 nm instead of 4.4 nm), 
although the radius of gyration estimated from intramolecular FRET experiments on 
ProTα is only reduced by ~10 % upon crowding under these conditions (23). This 
finding supports the idea that highly flexible IDPs such as ProTα can easily diffuse 
through a crowded solution, resulting in a reduced apparent hydrodynamic radius. 
 
In spite of the obvious heterogeneity of the environment in vivo, it would be of interest 
whether conditions can be reconstituted in vitro that approximate the cellular situation 
in terms of diffusion and dynamics across length- and timescales. Interestingly, if the 
diffusion of ProTɑ, Atto 532, and GUS is measured in PEG 35’000 as a crowder at 
concentrations of about 5 % (w/v) (Fig. 4b), we observe very similar behavior to what 
we found in the cytosol of cells, with a similar slowdown in translational diffusion for 
the three tested molecules as in the cytosol of HeLa cells. Intracellular conditions of 
crowded cells can be mimicked by approximately 20 % (w/v) PEG 35’000, yielding a 
comparable diffusional retardation. Additionally, the chain reconfiguration time of 
ProTɑ in 20 % (w/v) PEG 35’000 (97 ns ± 5 ns) was similar to the reconfiguration 
time in the cytosol of crowded cells (82 ns ± 13 ns). 
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Taking together, we conclude that the cytosol of commonly used eukaryotic cell lines 
is less crowded than commonly assumed, allowing proteins and IDPs to easily 
diffuse in the cell. However, increasing the intracellular concentration of 
macromolecules by only a factor of two by osmotic stress increases crowding to an 
extent that leads to substantially slowed diffusion and detectable compaction of IDPs 
such as ProTα. Solutions of 5 to 20 % (w/v) PEG 35’000 provide a reasonable in-vitro 
mimic of the diffusional dynamics of proteins and small molecules and may thus 
resemble the average crowder size and concentration of the eukaryotic cytosol. 
Interestingly, current estimates of the average size of eukaryotic proteins are in the 
range of 350 - 450 amino acids (32), corresponding to a hydrodynamic radius which 
is similar to the size of PEG 35’000. 
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Methods 
Expression and labeling of prothymosin ɑ (ProTɑ) 
ProTɑ was expressed recombinantly in Escherichia coli BL21 and purified with a Ni-
NTA column as previously described (13). Cysteine residues for the specific labeling 
of ProTα using maleimide chemistry were introduced by site-directed mutagenesis at 
positions 1 and 56. ProTɑ was sequentially labeled with Atto 532 maleimide (ATTO-
TEC GmbH) as a donor and Biotium CF680R maleimide (Biotium Inc.) as an 
acceptor dye. The Förster radius for the dye pair was calculated to be 5.7 nm. 
 
Single-molecule FRET measurements in HeLa cells and in vitro 
Instrumentation 
Single-molecule fluorescence measurements were performed on a Microtime 200 
instrument (PicoQuant) using an Olympus IX71 microscope body (13). The sample 
was excited using a 532-nm continuous-wave laser (LaserBoxx LMX-532S, Oxxius) 
at 50 μW of excitation power, as measured at the back aperture of the objective. The 
laser was focused into the sample with an Olympus UplanApo 60×/1.20-W objective 
(Olympus), and emitted photons from the sample were collected through the same 
objective. Scattered excitation light was eliminated with a long-pass filter (LP532, 
Chroma Technology) before the emitted photons passed a 100-μm confocal pinhole. 
The emitted photons were then separated into four channels with a polarizing beam 
splitter and two dichroic mirrors (635DCXR, Chroma Technology). Donor photons 
were filtered using an ET585/65m filter (Chroma Technology), acceptor photons were 
filtered using LP647RU and HC750/SP filters (Chroma Technology). Photons from 
each channel were detected using four SPCM-AQR-15 single-photon avalanche 
diodes (PerkinElmer). The arrival times of detected photons were recorded with four 
channels of a HydraHarp 400 counting module (PicoQuant) with a resolution of 16 
ps. The objective was mounted on a piezo stage combination (P-733.2 and PIFOC, 
Physik Instrumente GmbH) to enable 3D scans. 
 
Cell culture 
HeLa cells (American Type Culture Collection) were cultured as previously described 
(13). One day before a single-molecule experiment, 2 × 105 HeLa cells in 4 ml phenol 
red–free DMEM medium were pipetted into a microscopy dish (35-mm glass-bottom 
dishes, Ibidi; prior to the experiment, the glass-surface was coated with poly(l-lysine) 
solution (0.01% in H2O, Sigma)) and incubated overnight (37 °C, 5% CO2) until the 
cells became adherent again. Prior to single-molecule measurements, the medium 
was exchanged with Hanks balanced salt solution (HBSS without Ca2+/Mg2+, Sigma). 
 
Microinjection. 
Protein solutions were injected into HeLa cells using a Xenoworks microinjection 
system (Sutter Instrument) (13). The pressure pulses (0.3 - 0.5 bar, 30 - 50 ms) for 
the injections were delivered by a home-built injector. The sample was injected into 
cells using Femtotips II capillaries (Eppendorf). All protein samples for injections 
contained 0.005% Tween 20 (Pierce) to reduce adsorption of protein to the capillary 
and to any container surfaces used during dilution, and the sample was injected into 
a targeted cell. Solutions for injection contained labeled protein at concentrations of 
10 - 20 nM. 
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In-cell FRET and nanosecond fluorescence correlation spectroscopy (nsFCS) of 
ProTα 
Single-molecule FRET efficiency histograms of ProTα in living cells were acquired by 
injecting samples with a protein concentration of 10 nM into the cytosol or nucleus of 
HeLa cells (13). All experiments with ProTα were performed at 22 °C, and each data 
point was collected in a different cell. For experiments under crowded cellular 
conditions after osmotic shock, the cells were incubated with 20 % PEG 400 in HBSS 
just before the experiment. For subsequent experiments, the crowded cells were 
exchanged with fresh osmotically shocked cells every 45 minutes. Successful 
injections were verified by recording fluorescent images of the cells in axial and 
horizontal direction before and after the injections. The confocal volume was 
positioned either in the cytosol or the nucleus of an injected cell and away from 
regions of high cellular autofluorescence. For each injected cell, data were acquired 
for 3 min, until most of the injected protein was photobleached. 
 
nsFCS measurements in cells were performed by injecting 20 nM ProTα in HBSS 
(without Ca2+/Mg2+), containing 0.005% Tween 20. Injections and measurements 
were performed as described above. Owing to the poorer photon statistics for 
interphoton times in the nanosecond range, the measurements require a 
substantially larger total number of photons to be detected than are needed for FRET 
efficiency histograms. To achieve sufficient statistics, we averaged the results of 51 
single-cell measurements under physiological conditions (total acquisition time of 2.5 
h, data taken from König et al. 2015 (13)) and of 40 single-cell measurements under 
crowded/osmotically shocked conditions (total acquisition time of 2.0 h). Control 
measurements in buffer were carried out with protein concentrations of 100 pM in 
HBSS (without Ca2+/Mg2+) with 0.001% Tween 20 for 2 h. 
 
FCS measurements to determine the translational diffusion of ProTɑ, Atto 532 and β-
glucuronidase in different PEG and Ficoll solutions (ethylene glycol, PEG 400, PEG 
6000, PEG 35’000; Ficoll 70, Ficoll 400) were carried out with sample concentrations 
of 100 pM in HBSS (without Ca2+/Mg2+) with 0.001% Tween 20 and PEG or Ficoll 
concentrations between 0 – 20 % (w/v) at pH 7.2. Data were recorded for 30 min for 
each sample. 
 
Data analysis 
Transfer efficiency histograms 
Fluorescence bursts from individual molecules were identified by binning the photon 
trajectory into 1-ms bins. Bins with a minimal threshold of 40 – 100 photons, chosen 
depending on the intensity of the background signal, and a maximum of 10’000 
photons were considered as a burst. Contiguous bins fulfilling these criteria were 
combined into one burst. Since the background was variable during an in-cell 
measurement owing to photobleaching, the photon trajectory was split into shorter 
intervals where the background was approximately constant. Detected bursts from 
each interval were summed up to construct the final transfer efficiency histogram. 
The transfer efficiency of each burst was calculated according to E = nA/(nA + nD), 
where nD and nA are the numbers of donor and acceptor photons, respectively, 
corrected for background in the corresponding interval, acceptor direct excitation, 
channel cross-talk, differences in detector efficiencies, and quantum yields of the 
dyes as previously described (13). 
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As described recently (13), subpopulations in transfer efficiency histograms were 
approximated with Gaussian (G) and four-parameter log-normal (L) peak functions 
for symmetric and asymmetric peaks. Transfer efficiency histograms of ProTα were 
fitted using a log-normal peak function for the donor-only population and a Gaussian 
peak function for the FRET-labeled population without constraints of fit parameters. 
 
Interdye distances and radii of gyration 
Dimensions of ProTα were calculated from the measured transfer efficiencies as 
described earlier (13). Briefly, the mean transfer efficiency, 〈𝐸〉, can be expressed as 
a function of the distance dependence of the transfer efficiency, 𝐸(𝑟), weighted for 
the dye-to-dye distance distribution, 𝑃(𝑟), sampled by the chain, 
 
〈𝐸〉 = ∫ 𝐸(𝑟)𝑃(𝑟)𝑑𝑟
𝑙𝑐
𝑎
 
with 
𝐸(𝑟) =
1
1 + (𝑟/𝑅0)6
 
 
where a is the distance of closest approach of the two dyes, 𝑙𝑐 is the contour length 
of the labeled protein segment, and 𝑅0 is the Förster radius of the chosen dye pair. 
We assumed a Gaussian chain model for the distribution of distances, 𝑃(𝑟), 
 
𝑃(𝑟) = 4𝜋𝑟2 (
3
2𝜋〈𝑟2〉)
3/2
𝑒𝑥𝑝 (−
3𝑟2
2〈𝑟2〉) 
 
where 〈𝑟2〉 is the mean squared interdye distance (33). These equations were solved 
for 〈𝑟2〉 numerically and then converted to the mean radius of gyration, 𝑅𝑔, of the 
chain using 
𝑅𝑔2 =
〈𝑟2〉
6 . 
 
Fluorescence correlation spectroscopy (FCS) 
The diffusion time of the labeled proteins was extracted from FRET experiments by 
correlating the fluorescence intensity fluctuations using 
 
𝑔𝑖𝑗(𝜏) =
〈𝑛𝑖(𝑡)𝑛𝑗(𝑡 + 𝜏)〉𝑡
〈𝑛𝑖(𝑡)〉𝑡〈𝑛𝑗(𝑡)〉𝑡
 
 
with i, j = A, D (A = acceptor, D = donor), and where 𝑛𝑖(𝑡) and 𝑛𝑗(𝑡 + 𝜏) are the 
fluorescence count rates in the detector channels 𝑖 and 𝑗 at time 𝑡 and after a lag 
time 𝜏, respectively. 〈… 〉𝑡 denotes the time average of the detected signal. The 
resulting cross-correlation curves were fitted according to (13) to obtain the 
translational diffusion time 𝜏𝐷. 
 
nsFCS 
Donor and acceptor autocorrelation curves and cross-correlation curves between 
acceptor and donor channels were calculated as described earlier (13, 34, 35). The 
resulting auto- and cross-correlation curves were fitted globally up to a delay time of 
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1 μs, and the extracted time constant of the chain dynamics was converted into a 
chain reconfiguration time 𝜏𝑟 according to (36). 
 
Analysis of the diffusion of proteins in crowded solutions 
The diffusion of proteins in crowded solutions was described using the approach of 
Tuinier et al. 2006 (31) and Lekkerkerker and Tuinier 2011 (37). According to Stokes’ 
law, the diffusion coefficient 𝐷 of an object is 
𝐷 = 𝑘𝑇𝑓 , 
 
with the friction coefficient 𝑓 = 6𝜋𝜂𝑎, where a is the equivalent spherical radius, and 
𝜂 is the viscosity of the medium. However, in a crowded solution, an object 
experiences a different friction than expected from the bulk viscosity of the solution if 
we account for the depletion of macromolecules surrounding it. In this case, the 
effective friction coefficient becomes 
 
𝑓𝑡 = 6𝜋𝜂𝑠𝑎
𝑄(𝜆,𝜖)
𝑍(𝜆,𝜖), with 𝜆 =
𝜂𝑠
𝜂𝑚
, 𝜖 = 𝛿𝑎. 
 
𝜂𝑠 corresponds to the solvent viscosity (1 cP for water), and 𝜂𝑚 is the bulk viscosity 
of the solution. 𝛿 corresponds to the thickness of the depletion layer. The numerator 
and denominator of the fraction in the effective friction coefficient is calculated as 
follows: 
 
𝑄(𝜆, 𝜖) = 2(2 + 3𝜆)(1 + 𝜖)6 − 4(1 − 𝜆)(1 + 𝜖), 
𝑍(𝜆, 𝜖) = 2(2 + 3𝜆)(1 + 𝜖)6 − 9(1 −
𝜆
3 −
2𝜆2
3 ) (1 + 𝜖)
5 + 10(1 − 𝜆)(1 + 𝜖)3
− 9(1 − 𝜆)(1 + 𝜖) + 4(1 − 𝜆)2. 
 
The depletion layer thickness 𝛿 for dilute and semi-dilute polymer solutions at a hard 
wall is 
 
𝛿−2 = 𝛿0−2 + 𝜉−2, 
 
with 𝜉 being the correlation length (𝜉 = 𝑅𝑔 ( 𝑐𝑐∗)
−3/4
, 𝑐 ∗ is the overlap concentration), 
and 𝛿0 is the depletion thickness for dilute polymer solutions (𝛿0 = 1.07𝑅𝑔). The 
depletion layer thickness at a hard wall is then converted into the depletion layer 
thickness around a sphere, 𝛿𝑠. 
 
𝛿𝑠 = ([1 + 𝑐1𝑞 + 𝑐2𝑞2 + 𝑐3𝑞3]1/3 − 1) ∙ 𝑎, 
 
with 𝑞 = 𝛿𝑎, 𝑐1 = 3, 𝑐2 = 2.273, and 𝑐3 = −0.0975 (37). The depletion layer thickness 
around a sphere was then used to calculate the friction term 𝑓𝑡. 
 
Determination of cellular protein and DNA concentrations 
The total protein concentration of different mammalian cell lines was determined by 
cultivating HeLa, HEK 293 wt, HEK 293 F, COS 7, and CHO K1 (American Type 
Culture Collection) in 150 ml tissue culture flasks in their optimal medium (DMEM for 
HeLa, HEK 293 wt/F and COS-7 cells; Ham’s F12 medium for CHO-K1 cells), until 
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approximately 0.5 ml of wet cell pellet of each cell line were obtained. The cells were 
lysed, and the protein concentration was determined as described by (38). Briefly, 
the cell pellets were lysed in a 0.1 M Tris buffer pH 7.8, containing 2% SDS and 50 
mM DTT, by vortexing them intensely and heating the samples to 90 °C. The sample 
was then diluted into 0.1 M Tris pH 8.5, 8 M urea, and the tryptophan fluorescence 
was measured (excitation at 295 nm, emission detected at 350 nm). Based on 
calibration solutions of tryptophan, the tryptophan concentration in the sample was 
calculated. Using an average tryptophan content in eukaryotic cell tissue of 1.17 % 
(by weight) (38), the total protein concentration of the cell pellet was estimated. The 
total DNA concentration was estimated by measuring the absorbance at 260 nm and 
using an extinction coefficient of 0.02 (μg/ml)-1cm-1 (39). 
 
For the determination of the cytosolic protein concentration, HEK 293 F cells were 
cultivated in suspension culture to obtain a higher number of cells. The HEK 293 F 
cells were cultivated until 5 ml of wet cell pellet was obtained. The cell pellet was 
processed according to Abmayr et al. (40). The protein concentration in the obtained 
cytoplasmic extract was analyzed using a BCA protein assay. 
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Figures 
 
 
Fig. 1: Single-molecule fluorescence measurements in live eukaryotic cells under 
physiological and crowded conditions. 
a) Schematic representation of the microinjection of fluorescently labeled 
Prothymosin ɑ (ProTɑ) into adherent HeLa cells. 
b) Confocal fluorescence image of HeLa cells, showing the distribution of labeled 
ProTɑ after microinjection of the protein into the cytosol. Due to a C-terminal nuclear 
localization sequence, ProTɑ becomes enriched in the nucleus within ~10 min. 
c) Differential interference contrast (DIC) and confocal fluorescence images of HeLa 
cells before and after osmotic shock with PEG 400, showing the compaction of cells 
in the axial (DIC) and lateral planes (fluorescence). The contour of the cells in the 
fluorescence images is indicated with dashed lines. 
d) Plot of the relative area of the cell in the vertical plane after the osmotic shock (8 
individual cells, mean value and s.d. plotted). The relative area reduced to 
approximately half of its initial value and remained constant for at least 30 min. 
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Fig. 2: Effect of intracellular crowding on the dimensions and dynamics of ProTɑ. 
a) Transfer efficiency histograms on ProTɑ in vitro (blue; 0.33 ± 0.01), in the cytosol 
of HeLa cells (yellow; sum of 8 individual histograms, 0.34 ± 0.01), and in the cytosol 
of crowded HeLa cells (red; sum of 6 individual histograms, 0.39 ± 0.02). 
Measurements of the transfer efficiency in the nucleus of cells under physiological 
(0.35 ± 0.03, n= 8) and crowded cells (0.40 ± 0.02, n = 5) yielded similar results as in 
the corresponding cytosol. 
b) FCS cross-correlation curves of ProTɑ in vitro (blue; 0.9 ms ± 0.2 ms), in the 
cytosol of HeLa cells (yellow; 1.5 ms ± 0.2 ms, n = 8), and in the cytosol of crowded 
HeLa cells (red; 6.9 ms ± 1.9 ms, n = 6) show the slowdown in translational diffusion 
with increasing intracellular crowding. The shaded bands represent the standard 
deviations of the measurements. The corresponding FCS measurements in nuclei 
yielded similar results (HeLa cells: 1.8 ms ± 0.8 ms, n = 8; crowded cells: 6.5 ms ± 
2.5 ms, n = 7). 
c) nsFCS curves (donor autocorrelation) of ProTɑ in vitro (blue) and in the cytosol of 
crowded cells (red) show that the chain reconfiguration dynamics experience a 
slowdown in HeLa and in crowded cells. The chain reconfiguration time in vitro was 
35 ns ± 1 ns, in the crowded cytosol 82 ns ± 13 ns. 
d) Plot of the relative dimensions (Rg/Rg0), relative diffusion times (τDiff/τDiff0), and 
relative chain reconfiguration times (τr/τr0) of ProTɑ in vitro (blue), in HeLa cells 
(yellow) and in crowded cells (red). The icon on top of each panel indicates the 
length-scales on which the chain dimensions (nm), translational diffusion (μm), and 
chain dynamics (< nm) are affected by other (macro-)molecules. 
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Fig. 3: Translational diffusivity of molecules of different sizes in the cytosol of cells. 
a) Hydrodynamic radii and molecular masses of ProTɑ, Atto 532, and β-
glucuronidase (GUS) with their structures. 
b) Plot of the relative diffusion times of ProTɑ, Atto 532, and GUS in vitro (blue), in-
cell (yellow) and in crowded cells (red).  
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Fig. 4: Translational diffusion of proteins in crowded solutions in vitro. 
a) Relative translational diffusion of ProTɑ in solutions of EG (dark purple circles), 
PEG 400 (purple circles), PEG 6000 (blue circles), PEG 35’000 (light blue circles). 
Additional experiments were done in solutions with the branched polymer Ficoll 70 
(light red triangles) and Ficoll 400 (red triangles). The solid lines represent the 
calculated diffusion time (31) of ProTɑ in each crowder solution, assuming an 
apparent Rg of ProTɑ of 1.8 nm. 
b) The relative diffusion times of Atto 532 (green), ProTɑ (blue), and GUS (red) in 10 
and 20 % (w/v) PEG 35’000. 
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Tab. 1: Total protein and nucleic acid concentrations of four commonly used 
adherent cell lines (HeLa, HEK 293 wt, COS-7, CHO-K1) and one suspension cell 
line (HEK 293-F). From the latter cell line, also the cytosolic protein concentration 
was determined. 
Cell line Total protein   Cytosolic protein Nucleic acids 
  Mean (mg/ml) S.D. (mg/ml) 
Mean 
(mg/ml) 
S.D. 
(mg/ml) 
Mean 
(mg/ml) 
S.D. 
(mg/ml) 
HeLa 108 25 - - 23 5 
HEK 293 wt 90 32 - - 11 2 
HEK 293-F 108 28 25 5 18 4 
COS-7 64 15 - - 21 4 
CHO-K1 123 12 - - 25 5 
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6 Conclusions and Outlook 
Most experiments to elucidate the structures and functions of proteins have been 
carried out in the test tube. This approach has provided enormous insight into the 
nature of proteins. However, studying proteins in vitro does not represent their 
natural environment, which is in the highly complex and crowded environment of 
living cells. A particularly interesting class of proteins in this context are IDPs 
because of their partial or complete lack of secondary and tertiary structure, which is 
expected to make their conformations and dynamics particularly susceptible to 
crowding and other cellular effects. A dogma of structural biology was that 3D-
structure determines protein function. In the case of IDPs, this idea is no longer 
completely valid. Despite their disordered nature, IDPs still interact with other 
proteins or ligands in a specific way. Especially because of their highly dynamic 
nature, they are, e.g., part of large signaling networks to regulate transcription (1). 
Studying the effect of the crowded cellular environment on the structures and 
dynamics of IDPs may thus provide important insights into protein function in the cell. 
Here, we approached this question in two steps: first, by adding polymers of defined 
size and concentration to mimic cellular crowding, and second, directly in live cells.  
For the first step, single-molecule FRET spectroscopy was employed to study the 
effects of different co-solutes on the structures and dynamics of IDPs. In an initial 
study, the influence of macromolecular crowding on the conformations of the 
disordered proteins ProTɑ, ACTR and the N-terminal domain of HIV-1 integrase (IN) 
was analyzed (2). Using artificial crowders such as PEG, we found that all IDPs 
adopted increasingly compact conformational distributions with increasing 
concentration and size of the PEG polymers. Scaled particle theory (SPT), the 
standard theory for crowding, fails to describe the observed effects because it 
assumes the IDPs and the crowders to be hard spheres. Rather, we found that both 
the IDPs and the crowders need to be treated as polymeric chains which can 
interpenetrate to explain our observations. By adapting the Flory-Huggins theory to 
the short and the long chain regime, it was possible to quantify the effects of 
crowders with different sizes and concentrations on IDPs. 
The presence of high concentrations of crowders modulates the dimensions of IDPs. 
Since many molecules in a living cell are polymers, such as nucleic acids, 
polysaccharides or other disordered proteins with estimated intracellular 
concentrations of up to 300 mg/ml (3, 4), they might have a similar crowding effect on 
IDPs. Additionally, the compartmentalization of a cell can lead to very high local 
concentrations of macromolecules, such as along cell membranes (5) or in RNA 
granules and other intracellular protein bodies (6).  
Studying proteins in living eukaryotic cells has remained challenging due to the high 
complexity of the intracellular environment. Amongst others, fluorescence 
spectroscopy methods have been shown to be very useful for studying intracellular 
molecules because of their specificity for fluorescent labels. The application of 
ensemble FRET has already provided insights into, e.g., protein folding stabilities and 
dynamics (7) and the effect of intracellular crowding on protein sensors (8). First 
FRET experiments with single-molecule resolution at the membrane and within 
eukaryotic cells were reported by Murakoshi et al. (9) and by Sakon & Weninger (10), 
respectively, and the group of Kapanidis successfully established single-molecule 
FRET measurements in bacterial cells (11). Using electroporation for the delivery of 
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labeled molecules, single-molecule FRET in living bacteria has allowed the study of 
DNA replication, transcription and repair. 
To unfold the full potential of single-molecule FRET spectroscopy in living eukaryotic 
cells, several requirements had to be fulfilled. Most previous in-cell FRET 
experiments relied on fluorescent proteins. Because of their relatively large size and 
the low brightness and photostability, small organic dyes with superior photophysical 
properties are preferred. Furthermore, ways to reduce cellular autofluorescence and 
to deliver sub-micromolar concentrations of sample into cells had to be found. These 
problems were approached by Sakon & Weninger in 2010 (10), where they used 
microinjection to deliver fluorescently labeled proteins into single cells and detected 
them with total internal reflection fluorescence (TIRF) microscopy. We further 
optimized this approach by combining confocal single-molecule FRET spectroscopy 
with microinjection to deliver the sample into adherent HeLa cells (12). Microinjection 
turned out to be a good method for reproducibly loading cells with picomolar to 
nanomolar concentrations of protein. It allowed us to inject proteins specifically into 
the cytosol or the nucleus of a cell, while maintaining a high survival rate of injected 
cells. Also, the use of red-shifted fluorescent dyes as FRET reporters, such as Atto 
532 / Biotium CF680R or Atto 532 / Abberior Star 635, allowed us to excite the 
injected molecules with a wavelength of 520 nm to minimize the prohibitive influence 
of intracellular auto-fluorescence. The data obtained from single cells were of good 
statistical quality, which enabled the analysis of single-cell FRET histograms. From 
the same data, we also obtained information about the translational diffusion of 
proteins in cells by FCS. By increasing the concentration of injected sample, it was 
even possible do nsFCS measurements in the cell, which allowed us to study protein 
chain dynamics in the submicrosecond regime. 
We injected the intrinsically disordered protein ProTɑ into adherent HeLa cells and 
showed that we can measure the dimensions of IDPs in the cytosol and the nucleus 
of living cells. ProTɑ showed the same highly expanded dimensions in the cytosol 
and the nucleus of cells as under in vitro conditions at physiological ionic strength, 
suggesting that ProTɑ remains unstructured within cells. This finding was further 
supported by nsFCS measurements: the measured chain reconfiguration time of 
ProTɑ in HeLa cells did not indicate folding or binding to an intracellular ligand or 
aggregation. 
Combining single-molecule FRET spectroscopy with microinjection to deliver labeled 
proteins into living cell proved to be very versatile. We studied the intracellular folding 
kinetics of a destabilized variant of GB1 and the temperature dependent structural 
stability of frataxin (13). The folding kinetics of GB1 were analyzed using recurrence 
analysis (RASP), which enables the study of folding kinetics in a range of ~50 μs to 
~100 ms (14). The difficulty of this experiment was to inject even lower 
concentrations of labeled protein than for regular single-molecule FRET experiments 
(target concentration 10 – 20 pM) and that data had to be acquired for many hours. 
However, owing to the confinement of molecules within the small cellular volume, 
and the resulting increased probability of recurrence compared to free solution, 
RASP turned out to be particularly well suited for in-cell data analysis. The result of 
this experiment showed that the intracellular folding kinetics in the millisecond range 
were not significantly altered compared to in vitro experiments. As a third example, 
the marginally stable protein frataxin was injected into HeLa cells to study the effect 
of the intracellular environment on its conformational stability. Frataxin shows both 
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cold and heat denaturation in the range of 280 – 310 K, which makes it a good 
candidate to study heat denaturation in in vivo experiments. Indeed, it was possible 
to measure in-cell FRET histograms of frataxin from 279 – 299 K. Again, the results 
suggested that the conformational distributions and stability were not significantly 
altered by the cellular environment. 
Although we studied many aspects of protein structures and dynamics in living cells 
with high sensitivity, the findings were always similar to results observed with the 
corresponding in vitro experiments, suggesting a surprising robustness of the 
conformational stabilities and folding kinetics of these proteins. The expectation was, 
however, that the complex mixture of macromolecules, metabolites and ions in cells 
would have a stronger effect on the proteins studied. An explanation for this behavior 
could be that the intracellular concentrations of macromolecules in eukaryotic cells is 
lower than the 300 to 400 mg/ml previously reported for E. coli (3), the value 
frequently assumed also for other cells. Our measurements indicated total protein 
concentrations of ~100 mg/ml and cytosolic protein concentrations of ~25 mg/ml 
(chapter 5), which is in agreement with other publications (4, 15, 16). Assuming 
cytosolic protein concentrations in this range, a comparison with our results from 
crowding experiments (2) indicate that the expected crowding effect on the 
dimensions of IDPs should in fact be very small. Increasing the intracellular 
concentrations of macromolecules might thus be a way to further elucidate the 
question of how crowded the cytosol is and whether intracellular conditions can be 
reached that alter IDP dimensions detectably. 
We thus increased cellular crowding by subjecting HeLa cells to high concentrations 
of uncharged osmolytes in the medium (chapter 5). The osmotic shock should shrink 
the cell volume (17) and thus increase the intracellular concentrations of crowders. 
ProTɑ was used as a crowding sensor because of its known pronounced response to 
crowders in vitro. We indeed found that ProTɑ was slightly more compact in crowded 
cells compared to uncrowded cells. However, the chain reconfiguration time of the 
IDP was not affected (~80 ns in both crowded and uncrowded cells), suggesting that 
also under highly crowded conditions, ProTɑ remains unstructured and very flexible. 
On the other hand, translational diffusion of ProTɑ was ~4.5-fold slower compared to 
uncrowded conditions. By repeating translational diffusion measurements in 
uncrowded and crowded cells with other molecules of different sizes, we found that 
translational diffusion and chain reconfiguration were strongly length-scale 
dependent. Small molecules or the completely unstructured ProTɑ were much less 
affected by the crowded cytosol compared to rigid proteins in spite of a similar 
hydrodynamic radius as ProTɑ. We compared the in-cell results with in vitro 
experiments with differently sized PEGs at different concentrations. Assuming an 
average protein of the human proteome with a length of 375 amino acids (18) and 
globular shape, the hydrodynamic radius of ~3.5 nm (19) is in a similar regime as for 
PEG 6000 – 35’000. We thus used PEG 35’000 as a model crowder with 
concentrations of up to 20 % (w/v), which allowed us to mimic the crowded in-cell 
conditions well in terms of their effect on ProTα dimensions, dynamics and diffusion. 
The results are in accord with our measurements indicating that the average 
concentration of macromolecular crowders in the cytosol of unperturbed HeLa cells is 
rather low (~ 5 % w/v).  
Altogether, we showed that confocal single-molecule FRET spectroscopy is a good 
method to study structural and dynamic properties of IDPs and other proteins in living 
Chapter 6 
138 
cells. The single-molecule resolution of fluorescence spectroscopy in combination 
with microinjection for the delivery of labeled proteins into living cells has been found 
to be a very robust, reliable and versatile method to study proteins. We established 
very sensitive in-cell methods to study dimensions and dynamic processes of IDPs 
and other proteins in the sub-nanometer regime and as fast as nanoseconds, 
respectively. The high survival rate of injected cells and the intracellular stability of 
the fluorescent dyes should even allow us to do time-dependent in-cell experiments 
over several hours. 
However, the methodology still offers room for improvement. First, a limitation of 
using a confocal microscope the way we employed it is that only freely diffusion 
proteins are studied. Unlike in free diffusion experiments, immobile proteins, e.g. 
bound to a membrane, will not get replenished after photobleaching. This effect 
reduces the observation time of an immobile species to a few milliseconds and thus 
makes it difficult to acquire enough data for a significant result. First attempts have 
been made to use scanning microscopy with a reduced laser intensity to analyze 
immobilized proteins in living cells (12). However, interpreting these fluorescence 
scans requires that the contribution of acceptor-inactive molecules and the 
fluorescence background are compensated appropriately. 
Second, all our in-cell experiments were performed in HeLa cells, a cell line derived 
from cervix cancer tissue in 1951 (20). The use of HeLa cells as a model of human 
biology is questionable since its genome became highly randomized and mutated 
over the decades (21). Working with non-immortalized and healthy cells would thus 
be advantageous because it better represents biologically relevant systems. 
Neuronal cells derived from pluripotent stem cells (22), e.g., would be ideal to study 
the function of proteins such as amyloid-β or ɑ-synuclein, which are related to 
Alzheimer’s and Parkinson’s disease, respectively (23). 
A third issue is spatial resolution. The resolution of standard confocal detection is 
limited by diffraction to a few hundred nanometers, which currently allows us to 
distinguish between cytosolic or nuclear localization, but not smaller compartments. 
Increasing the spatial resolution, e.g. by making use of the recent developments in 
optical super-resolution microscopy, might enable better localization of proteins in 
organelles such as mitochondria or endosomes. Stimulated emission depletion 
(STED) microscopy, e.g., was combined with FCS to analyze membrane lipid 
dynamics in the plasma membrane of living cells (24) or membrane reorganization 
induced by pore-forming proteins (25) with a spatial resolution of less than 100 nm. 
The combination of STED with FRET is, however, technically difficult because the 
depletion laser used in STED will efficiently excite and thus bleach the acceptor dye 
of the FRET pair. Other super-resolution methods such as stochastic optical 
reconstruction microscopy (STORM) or photoactivation localization microscopy 
(PALM) provide rather low temporal resolution, so that dynamic processes faster 
than ~0.1 – 0.5 s currently cannot be studied (26). Also, a viable strategy to 
photoactivate donor and acceptor dyes at the same time has not been reported. 
This limitations of spatial resolution for optical detection could be overcome in a 
combinatorial approach with other biophysical methods. Cryo-electron tomography 
(cryo-ET), e.g., can analyze macromolecular complexes in their native cellular setting 
with nanometer resolution. Detailed tomograms and structures of large protein 
complexes such as 26S proteasomes (27) or the nuclear pore complex (28, 29) were 
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recorded in cells, even highlighting different functional states. Disadvantages of cryo-
ET are that structural details of dynamic or disordered regions in protein complexes 
are averaged out during data analysis or get lost because samples are frozen or 
vitrified. 
 
The resolution of FRET at the molecular scale can be further improved by combining 
it with nuclear magnetic resonance (NMR) spectroscopy, where sub-nanometer to 
atomic resolution can be obtained. Recent developments have made it possible to 
study isotope-labeled proteins also in living mammalian cells (30). NMR can resolve 
structural aspects over an ensemble of proteins inside cells; reports about long-range 
interactions with its surrounding; and provides dynamic information of backbone and 
side-chain motions. Especially small and soluble proteins can be characterized well 
by in-cell NMR. Using electroporation for protein delivery, the disordered character of 
ɑ-synuclein (31) or the stability of the protein SOD1 (32) in mammalian cells was 
analyzed with NMR methods. Larger proteins or rigid protein complexes were 
successfully studied with in-cell solid-state NMR, which was, e.g., used to observe 
the structure and dynamics of epidermal growth factor receptor (EGFR) activation 
upon EGF stimulation in native membrane vesicles (33). Solid-state NMR can be 
especially useful for the analysis of larger protein oligomers or amyloid fibrils in cells 
(34).  
 
A method similar to NMR is electron paramagnetic resonance (EPR) spectroscopy, 
where spin labels are introduced into the protein of interest via site-directed 
reactions. With two spin labels at different positions, distances of up to ~8 nm can be 
probed (35), but unlike single-molecule FRET spectroscopy, EPR results are 
ensemble-averaged over many cells and have to be acquired at cryogenic 
temperature for precise distance measurements. However, EPR has been used 
successfully to probe the architecture of ɑ-synuclein fibrils (36) in vitro and the 
conformations of ubiquitin (37) in HeLa cells. 
 
Our approach for analyzing intracellular proteins at the single-molecule level, in 
combination with biophysical methods such as NMR or cryo-ET, opens the field for 
further studies on protein structure, dynamics and function in living cells. The use of 
single-molecule FRET spectroscopy, SAXS and NMR in vitro has already been 
demonstrated in an integrated approach, e.g., by Aznauryan et al. (38) to study 
conformational and dynamic aspects of an unfolded protein. Milles et al. (39) used a 
combination of single-molecule FRET spectroscopy, NMR and molecular simulations 
to study the interaction between disordered nucleoporins in the nuclear pore complex 
with nuclear transport receptors. Combining single-molecule FRET with other in-cell 
methods will thus allow us to obtain insights into intracellular processes of folded and 
disordered proteins on a much more detailed level than possible to date.  
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